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FOREWORD 


Minerals and mineral fuels are literally the cornerstones of modern 
life. They constitute the source materials for most of the things we use, 
and they supply the energy that powers our machines and heats and cools 
the air where we live and work. In short, they are the physical source of 
most of the necessities, conveniences, and comforts of life in the United 
States today. 

Most mineral resources are nonrenewable, for the deposits from which 
they are extracted are not being naturally reformed at any where near 
the rate we are using them. They are extendable, however, in the sense 
that new deposits are discovered by exploration, and deposits once too 
poor in quality to recover economically are made available by advancing 
technology. And, of course, many mineral products can be recycled. 

Because of our dependence on minerals and mineral fuels, the question 
of the magnitude of usable resources is of mounting concern. Generally 
the problem has been assessed in terms of proved reserves—workable de- 
posits that have already been discovered and inventoried. To plan our 
future, however, we need some idea of the magnitude of resources that 
are geologically available if we are able to find and use them economically. 

As a part of our response to the Mining and Mineral Policy Act of 
1970, the Geological Survey provides in this volume the first overall assess- 
ment of mineral resources since that of the President’s Materials Policy 
Commission in 1952. It goes beyond traditional resource appraisals, which 
have considered mainly inventoried reserves, to examine the geologic 
availability of resources that will be needed in future generations. For 
many minerals, these appraisals are preliminary at best, for not enough 
is known about their origin, distribution, or the geologic environments 
favorable for their occurrence to assess their potential now. But at the 
least they represent a beginning, a take-off from which we can expect to 
enlarge our knowledge of our mineral-resource endowment with advanc- 


ing science and exploration. 


RoGers C. B. MorRTON 
Secretary of the Interior 
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PREFACE 


The work on this volume began in January 1972, 
but in a broader sense its production began many 
years ago. The chapters were written by geologists 
most of whom have had many years of experience 
studying the geology of mineral deposits, and more 
particularly the commodities about which they have 
written here. A total of nearly 2,300 man-years of 
professional experience in the geology of mineral 
resources is represented by the authors of the vol- 
ume, and about 30 man-years went directly into its 
preparation. Each chapter contains not only a syn- 
thesis of the state of knowledge of the geology of 
the commodity, but also an appraisal of the known 
resources, and an examination of the geologic possi- 
bilities for finding additional deposits. 


In January 1972, responsibility for the prepara- 
tion of the volume was assigned to us as co-editors, 
and we were given a tentative list of commodities 
and authors. We provided each author with a sug- 
gested outline of general topics to be covered, and 
some guidelines as to scope and philosophy of ap- 
proach, but beyond that we avoided any attempt to 
fit each chapter into a stereotype. Moreover, the 
types of commodities range from the major metals 
and industrial minerals such as copper, silver, and 
fluorspar, which have been the subject of geologic 
research for years, to other commodities that are of 
such varied geologic nature (such as pigments or 
gemstones) or of such minor present importance 
(such as scandium or thallium) that they cannot be 
treated from the same viewpoint as the major min- 
erals. The chapters range, therefore, from compre- 
hensive summary reports to general essays that 
reflect the individuality of the authors as well as 
the variation among commodities. 


Throughout the book the emphasis is on geology, 
but each chapter contains some summary informa- 
tion on uses, technology, and economics. These sum- 
maries are not meant to be exhaustive, however, and 
additional details are in the 1970 edition of ‘“Min- 
eral Facts and Problems” (Bulletin 650 of the U.S. 
Bureau of Mines) ; indeed, we regard that book and 
the present volume as being complementary. 


In the examination of the geologic possibilities for 
finding new deposits—in many respects the princi- 
pal innovative contributions of this volume—we 
asked the authors to frankly apply the limits of their 


ingenuity and not only to summarize current 
theories but also to express their own intuitive ideas, 
however speculative and unconventional they may 
seem, that have come from years of study devoted 
to the origin of mineral deposits. Readers will see 
that some authors have speculated more coura- 
geously than others. In any case, we believe readers 
will find all the chapters interesting, and many 
stimulating; and a few we believe can be frankly 
characterized as intellectually exciting. 

Most chapters include a section on prospecting 
techniques, and a summary of geologic or related 
problems on which the authors believe research 
might be most fruitful in the continuing efforts to 
find new resources. 

An integral part of the book is the bibliographic 
material cited at the conclusion of each chapter, in 
lieu of repetition of detailed descriptions already in 
print. Index and ‘‘spot” maps are not included in 
most chapters because they are available elsewhere, 
and in many cases with more detail than could pos- 
sibly be included here. Maps showing the distribu- 
tion of known deposits of many commodities in the 
United States are available in the Mineral Resource 
(MR) map series of the U.S. Geological Survey and 
in the National Atlas of the United States. 


The first three chapters deal not with resources 
of specific commodities but with general informa- 
tion that is pertinent to the study of mineral re- 
sources. In the introductory chapter we discuss the 
purposes of the book, the distinctions between re- 
serves and various categories of resources, and some 
general conclusions drawn from our view of the book 
in its entirety. In the second chapter V. E. McKelvey 
discusses the problems of mineral-resource estimates 
and public policy. In the third chapter, R. L. Erick- 
son discusses some new points of view on the relation 
of reserves and resources to the crustal abundance 
of elements. 

We acknowledge with thanks the cooperation of 
our colleagues in all phases of the preparation of 
this volume. Whatever success the book may attain 
is due entirely to a total effort. A paragraph of 
acknowledgment originally submitted as a part of 
the chapter on “Nuclear fuels” is given here instead 
because we feel it applied to all chapters: “The 
writers have drawn freely from published informa- 
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tion, not all of which is cited, and from their col- 
leagues, none of whom are given specific credit. The 
reader should be aware that the paper could not 
have been written without these sources.” We extend 
specific thanks to Michael Fleischer for preparation 


of summaries of geochemical information that are 


included in many chapters. 


DONALD A. BROBST 
WALDEN P. PRATT 
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THE PURPOSE OF THIS BOOK 


Our civilization is dependent on minerals. Few 
people living in the United States and other devel- 
oped nations pass through a single day without using 
raw or manufactured materials that have been been 
made from, processed by, fertilized with, or in some 
other way affected by minerals or mineral products. 
Without a steady supply of minerals our civiliza- 
tion could not survive. 

Unlike most other natural resources, minerals 
are not renewable. They are formed in the earth’s 


crust by infinitesimally slow natural geologic proc- 
esses acting for thousands or millions of years. 
Once removed and used, they cannot be grown again. 
The vital question, then, is this: Is our supply of 
minerals running out? 

To answer this question, as it applies to nearly 
all the mineral commodities in use today, is the 
general aim of this book. More specifically, the book 
attempts to provide answers to three basic questions 
about each mineral commodity: (1) How important 
is it to our present industrial civilization and stand- 
ard of living? (2) how much of it do we have and 
to what extent is it economically and technologically 
available? and (3) how and where can we find more? 
The emphasis here is on domestic resources, but 
many chapters include information on foreign re- 
sources, generally most complete for those commodi- 
ties for which we are most dependent upon sources 
abroad. 

The answers to the above questions are matters 
that should be of concern not only to geologists 
(both professional and student), but also to explora- 
tion managers, research administrators, economists 
and economic analysts, legislators, lawyers, plan- 
ners, magazine and newspaper editors, and indeed 
many segments of the public at large. The book has 
been written with this varied audience in mind. 
The descriptions of the geology and origin of min- 
eral deposits in each chapter necessarily involve 
some scientific jargon, but discussions of the uses, 
importance, history of exploitation, resources, and 
problems needing research are cast largely in non- 
technical language so that they may be of use to 
scientist and nonscientist alike. 


RESOURCES OR RESERVES? 


A fundamental concept in the evaluation of min- 
eral resources is the distinction between resources 
and reserves. Detailed definitions vary (the entire 
problem of resource terminology is currently being 


U.S. GEOL. SURVEY PROF. PAPER 820 


2 UNITED STATES MINERAL RESOURCES 


studied by the National Commission on Materials 
Policy), but the principal distinction is based on 
current economic availability: reserves are known, 
identified deposits of mineral-bearing rock from 
which the mineral or minerals can be extracted 
profitably with existing technology and under pres- 
ent economic conditions; whereas resources include 
not only reserves but also other mineral deposits 
that may eventually become available—either known 
deposits that are not economically or technologically 
recoverable at present, or unknown deposits, rich or 
lean, that may be inferred to exist but have not yet 
been discovered. A simple analogy from the field of 
personal finance, suggested by our colleague J. E. 
Gair, may be helpful in clarifying this important 
distinction: Reserves are represented by the funds 
in one’s bank account and by other liquid assets; 
resources then include, in addition, all other assets 
and, more importantly, all income one may expect 
to receive, from whatever source, through the dura- 
tion of one’s lifetime. We will discuss various cate- 
gories of resources and their relation to reserves 
later in this introduction, but for the present we 
would emphasize that because reserves are the only 
part of the total resource that is immediately avail- 
able, they are of paramount concern to the mineral 
industry, and reserve estimates for most mineral 
commodities are generally available and are under- 
going constant revision. For most minerals, how- 
ever, current reserves are only a small part of the 
total resource. The remainder of the total—the po- 
tential resources—are by far the most important 
for the long term, and they receive major emphasis 
in this book. Mineral resources, whether real or 
potential, are geologic entities—concentrations of 
one or more elements in the earth’s crust. Because 
such concentrations occur as the result of geologic 
processes, the question of how and where to find 
more of them can ultimately be resolved only 
through the understanding of geologic principles and 
the application of geologic insight; accordingly, the 
chapters of this volume deal with predictions based 
on geologic reasoning, and have been written by 
geologists. 


A WARNING 


Implicit in the distinction between reserves and 
resources is a serious danger, which we state now 
and will reiterate throughout this volume: Poten- 
tial resources are not reserves; they are “birds in 
the bush,” or to return to the analogy already used, 
they are frozen assets and next year’s income, and 
cannot be used to pay this month’s bills. No matter 
how optimistic an outlook is engendered by estimates 


of vast resources, such resources cannot be mined, 
much less used, until they have been converted into 
the category of reserves, whether by discovery (of 
undiscovered resources of minable quality), or by 
improvements in technology (for recovering identi- 
fied subeconomie resources), or by both. For nearly 
all minerals, the estimates of potential resources 
indicate quantities that may become available only 
if we vigorously pursue geologic and technologic 
research to discover new mineral deposits in re- 
gions and geologic environments that are known to 
be favorable, to discover new favorable regions and 
environments, to discover new kinds of mineral 
deposits not previously recognized, to improve exist- 
ing exploration techniques and develop new ones, 
and to improve extractive technology for processing 
low-grade ores that are not now economically re- 
coverable. Readers of this volume must therefore 
be cautioned that the resource estimates contained 
herein are indeed estimates, not measurements; and 
they present an optimistic outlook for many com- 
modities only in the context that they represent a 
potential, not @ reality. Using these estimates in 
any effort to optimize our domestic resource out- 
look may only defeat the purpose if they are re- 
moved from this context or are quoted without 
adequate qualification. We have attempted to insure 
against such misinterpretation by repeating defini- 
tions of the appropriate resource terminology on 
all tables of resource estimates in this volume. 

Even with these qualifiers, some may criticize this 
volume for its articulation of a philosophy that they 
may consider to be unrealistic. We can only offer 
the response that in the fairly recent past, each of 
the kinds of geologic and technologie research enu- 
merated in the preceding paragraph has in fact 
resulted in the conversion of potential resources 
into minable reserves—‘‘rock in the box,” in mining 
parlance; a few examples are the discoveries of the 
huge Kidd Creek zinc-copper-silver ore deposit in 
Ontario and the disseminated gold deposits of Carlin 
and Cortez in Nevada, and the development of tech- 
nology for processing taconite iron ores. 

Indeed the events of the last 20 years are the best 
reason for optimism. In 1952, the recoverable re- 
serves of lead were estimated to be 7.1 million tons, 
of which only about 1 million tons was called proved 
reserve. These figures were quoted on page 41 of 
volume 2 of ‘‘Resources for Freedom” (President’s 
Materials Policy Commission, 1952), better known 
as the Paley report. Farther down on that page we 
find the following statement, ‘“‘The poor discovery 
record of the past few decades provides little basis 
for optimism that the equivalent of the southeast 
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Missouri district can be expected to turn up in the 
future; the major hope lies in the development of 
some new methods of prospecting, as, for example, 
methods that would indicate the probability of de- 
posits in the absence of surface ontcrops.” Drilling 
in the mid-1950’s on the west side of the Southeast 
Missouri district resulted in the discovery of the 
large unexposed deposits of lead ore known as the 
Viburnum Trend. By 1970, half a dozen mines were 
operating, and the reserves of lead in Missouri alone 
had increased to 30 million tons. (See the chapter 
on “Lead” in this volume.) The Viburnum Trend 
will yield more lead than the total production of the 
old part of the district. With the phoenixlike reju- 
venation of the Southeast Missouri district, the 
Viburnum Trend becomes the perfect example of a 
potential resource converted to a reserve. 

We see no reason why such discoveries and de- 
velopments cannot be expected to continue in the 
future. To point the direction to potential resources 
and to attempt to evaluate them are the objectives 
of this book. 


OUR DEPENDENCE ON MINERALS 


Few people are fully aware of their daily depend- 
ence upon minerals. An awareness is growing as 
the fragilities of modern civilization, stemming 
from population growth and economic expansion, 
become recognizable not only as world and national 
problems, but also as personal problems. The avail- 
ability of mineral resources to meet the projected 
demands will critically affect future events. 

It is important, therefore, to be able to predict the 
occurrence of minerals, with some degree of realism, 
on several different scales of both time and space; 
we must know not only in which direction a particu- 
lar mine opening should be extended to continue in 
an ore body, but over a longer time period, we must 
know where prospecting and exploration should be 
concentrated to discover new deposits of each kind 
of mineral—and the likelihood of success. In other 
words, where are our potential mineral resources 
and how large are they? How long will they last? 
For which minerals, if any, are we “in good shape”? 
Is our supply of any minerals unlimited? Of which 
ones do we have very little, or are we likely to run 
out in the near future? For these, is there a geologic 
probability that more can be discovered in the 
United States ?—that is, are there geologic environ- 
ments in which such minerals are likely to occur? 
If so, where? And what problems are likely to be 
encountered in finding and extracting them? If 
domestic resources are not likely to be sufficient, 
then to which parts of the globe must we look for 


adequate resources in the future? These are the 
questions to which the authors of this volume have 
addressed themselves. 


CLASSIFICATION OF RESOURCES 


What, then, is a mineral resource? To begin with, 
we may define a mineral resource as a concentration 
of elements in a particular location in or on the 
earth’s crust (or, now, also in the oceans), in such 
a form that a usable mineral commodity—whether 
it be an element (such as iron or aluminum), a 
chemical compound (such as salt or borax), a min- 
eral (such as emerald or asbestos), or a rock (such 
as marble, coal, or gypsum) —can be extracted from 
it. The perceptive reader will recognize that such a 
definition has little practical value if the particular 
mineral commodity cannot be extracted at a profit. 
As already suggested, this feasibility of profitable 
extraction, or economic availability, is one of two 
parameters that distinguish between resources and 
reserves; the other parameter is the degree of cer- 
tainty of existence. These two parameters were 
originally formulated into a classification of re- 
sources by V. E. McKelvey (1972), whose presenta- 
tion of these concepts is so vital to the philosophy 
of resources, and whose classification is so impor- 
tant as the cornerstone of the present volume, that 
we have included his article as the second chapter 
of this volume. We will summarize McKelvey’s re- 
source classification by stating merely that he de- 
fines reserves as economically recoverable material 
in identified deposits, and applies the term resources 
to include “deposits not yet discovered as well as 
identified deposits that cannot be recovered now.” 
The terms recoverable, paramarginal, and submar- 
ginal designate successively lower degrees of eco- 
nomic recoverability; paramarginal resources are 
defined as low-grade resources that are recoverable 
at prices as much as 1.5 times those prevailing now, 
and submarginal resources are those of still lower 
grade. (See fig. 4, p. 12.) 

In this volume we use a similar classification of 
resources; but because of our conviction that the 
long-range potential lies in resources that have not 
yet been discovered, our classification places less 
emphasis on the definition of various levels of eco- 
nomic recoverability, and more emphasis on evaluat- 
ing the undiscovered—defining the various degrees 
of certainty. For the purpose of this volume, we 
distinguish three different such degrees (fig. 1). 
Identified resources are specific bodies of mineral- 


bearing rock whose eaistence and location are 
known. They may or may not be evaluated as to 
extent and grade. Identified resources include 
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FIGURE 1.—Classification of mineral resources used in this 
volume. 


reserves—masses of rock whose extent and grade 
are known to a greater or lesser degree and whose 
grade and physical nature are such that they may 
be extracted at a profit with existing technology and 
at present price levels. These last constraints of 
technology and economics exclude from the category 
of reserves many mineral deposits that are known 
and evaluated but are not profitably or technologic- 
ally minable at present, and to this important cate- 
gory of identified but subeconomic resources we 
apply the informal term conditional resowrces— 
resources that may eventually become reserves when 
conditions of economics or technology are met. 
Conditional resources have an immediate potential, 
because they are known, and their assessment pro- 
vides a target for technologic research. This term 
is used in the volume primarily as a convenience, 
because most authors were unable to distinguish 
the paramarginal and submarginal categories in 
McKelvey’s classification. 

We divide the remaining potential resources, all 
undiscovered, into two informally designated cate- 
gories. Hypothetical resources are here defined as 
undiscovered resources that we may still reasonably 
expect to find in known districts; speculative re- 
sources are defined as undiscovered resources that 
may exist elsewhere—either conventional types of 
deposits in broad geologic terranes in which as yet 
there are no discoveries, or else unconventional 
types of resources that have only recently been 
recognized (or are yet to be recognized) as having 
some potential. 

The utility of this distinction can be demonstrated 


by a few examples. In evaluating sandstone-type 
uranium deposits, for instance, we would consider 
as hypothetical resources the deposits that have so 
far eluded discovery in the known districts of New 
Mexico or Wyoming; our geologic knowledge tells 
us that there is good reason to expect we will find 
more deposits in those areas similar to the deposits 
already known, and our estimate of hypothetical 
resources is, in this case, an attempt to quantify 
the potential of these undiscovered resources, mainly 
on the basis of the extent of unexplored but favor- 
able ground. A different kind of geologic perspec- 
tive, on the other hand, suggests that there is still 
some likelihood of finding not just new deposits, 
but new major uranium districts. Our estimate of 
these speculative resources, even though it may be 
only an order of magnitude, is an attempt to quan- 
tify the resource potential of sedimentary basins 
that are known to exist but have not been suffi- 
ciently tested for uranium. 

Resources of copper can be used as another ex- 
ample of the distinction between hypothetical and 
speculative resources. We are justified in hypothe- 
sizing, for instance, that porphyry copper deposits 
are concealed under basin fill in and near the known 
copper districts of the southwest, whereas the dis- 
covery in recent years of porphyry-type copper de- 
posits of Paleozoic and Precambrian age in Eastern 
North America permits us to speculate that whole 
new regions have some potential for new discoveries. 

Yet another example of the distinction between 
hypothetical and speculative resources involves the 
black bedded deposits of barite such as those cur- 
rently being mined principally in Nevada and Ar- 
kansas. The known deposits are scattered over wide 
areas of both States, and chances are excellent that 
new deposits — hypothetical resources —will be 
found. But recent geologic studies of these deposits 
suggest that they are related more to sedimentary 
processes than was formerly believed. If this is true, 
then the potential for the discovery of new deposits 
and districts in other sedimentary basins—specula- 
tive resources—is likewise excellent. This example 
is an indication of how the reexamination and study 
of basic geologic principles can help to open new 
areas and environments favorable for exploration. 

One further aspect of the value of such a distinc- 
tion is that it has forced us to realize that the 
speculative resources of some commodities are rela- 
tively low. From a worldwide geologic perspective, 
we can say that the regions with significant poten- 
tial for discovery of iron, or phosphorite, or marine 
evaporites, are largely known; thus, the significant 
undiscovered resources fall under the heading of 
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“hypothetical,” rather than “speculative.” For some 
commodities, this may simply reflect insufficient 
knowledge of regional geology to identifiy other 
promising areas, but for others it is an expression 
of confidence that the favorable terranes have all 
been identified. 

The entire field in the diagram of figure 1 repre- 
sents our total primary resources (as distinct from 
secondary resources, such as recycled scrap, which 
are not considered in this volume)—identified re- 
serves, plus potential resources, which consist of 
conditional, hypothetical, and speculative resources. 
Conversions of potential resources into reserves are 
made by discovery, technologie advance, or changes 
in economic conditions. The same processes may 
lead to similar conversions from outside the field— 
to make potential resources from materials at pres- 
ent inconceivable as resources. 

A corollary of the emphasis of this volume on 
geologic rather than economic factors is that our 
classification is less concerned with the degrees of 
feasibility of recovery defined by McKelvey. We 
recognize that the concepts of paramarginal and 
submarginal resources are valid, but because of the 
broader objectives of this volume, nearly all our 
authors found that a single degree of distinction 
based on economic recoverability was difficult 
enough to obtain for identified resources, let alone 
for undiscovered resources, without the further 
complication of another degree defined by a specific 


price factor. Thus, nearly all the chapters of this: 


volume differentiate three major categories of re- 
sources—identified, hypothetical, and speculative; 
within the first category, most chapters differentiate 
between recoverable identified resources (reserves), 
and subeconomic identified resources (conditional 
resources). In only a few chapters have the authors 
attempted to extend the levels of economic recov- 
erability into the hypothetical and speculative fields, 
and where this has been done, it is generally in 
terms of “recoverable” versus ‘‘subeconomic’”—for 
example, “subeconomic hypothetical resources.” 
Special problems are posed in classifying the 
resources found in sea-floor manganese nodules, in 
metal-bearing muds of the Red Sea, and in the 
recently discovered metal-bearing sedimentary rocks 
of the Belt Supergroup in Idaho and Montana. Some 
authors were reluctant to characterize the deposits 
in these three environments as identified resources. 
We see no question that they are identified, in that 
they broadly fit the criteria of being known as to 
existence and location; but we well realize that they 
are not fully evaluated. Our decision to classify 
these resources as “identified,” for consistency of 


treatment within this volume, may therefore be re- 
garded as arbitrary and is in no way binding on 
our authors or on our readers. We note, however, 
that officials of two major U.S. mining companies 
were recently reported to have said they “expect to 
be selling metal made from the [sea-floor] nodules 
by the end of the decade” (Faltermayer, 1972, p. 
170). Such expectations, in our view, are not likely 
to have been predicated on resources that are un- 
discovered. 


PUBLIC AWARENESS, RESOURCE ESTIMATES, 
AND GEOLOGIC AVAILABILITY 


Public awareness of our dependence on mineral 
resources appears to be growing. With this growth 
in awareness—and indeed responsible for some of 
it—is a growth in the number of magazine and 
newspaper articles, and even books, that attempt 
to evaluate our supply of mineral resources and in 
some cases to forecast economic or cultural trends 
that are dependent on this supply. (See, for example, 
Faltermayer, 1972; Meadows and others, 1972; U.S. 
News and World Report, 1972.) The almost uni- 
versal tendency of such articles is to discuss mineral 
resources principally from the perspective of eco- 
nomic availability under a given set of conditions, 
thereby overlooking the vital fact that reserves are 
but a part of resources. The results are, we feel, 
disturbing. Evaluations predicated only on knowl- 
edge (or estimates) of current reserves can easily 
lead to forecasts of the death of the industrial so- 
ciety in a short time. On the other hand, evalua- 
tions based on another kind of assumption suggest 
that a rise in prices will increase the reserves and 
bring much more material to market economically 
from lower and lower grade material in larger and 
larger deposits. This reasoning too is fallacious be- 
cause elements are available in the earth’s crust in 
very finite amounts. But in both instances, the 
reasoning leads to serious misinterpretations be- 
cause it does not give adequate consideration to the 
single factor that ultimately determines all levels 
and degrees of mineral potential: geologic avail- 
ability. Geologic availability concerns the existence 
and concentration of certain elements or combina- 
tions of elements and is the most fundamental char- 
acteristic of a mineral commodity that governs its 
commercial use. 

Assessment of geologic availability of a com- 
modity requires basic knowledge of the geology, 
mineralogy, and geochemistry of that material, the 
geologic environments in which it occurs, and its 
concentration in those environments. The tech- 
nology of exploration, mining, beneficiation, recov- 


6 UNITED STATES MINERAL RESOURCES 


ery, and use is founded upon this information. 
Studies of geologic availability are indispensable— 
at all levels of commerce, industry, and govern- 
ment—for any economic planning that considers 
the available supply or use of primary mineral com- 
modities and their byproducts. 

Generally, however, public concepts of the magni- 
tude of mineral resources are based on evaluations 
of economic rather than geologic availability, and 
even these are subject to numerous problems. Sound, 
accurate estimates of reserves for large regions are 
highly difficult to compile, for many reasons. Re- 
serve data from industrial deposits may not be 
available because of the problems of competition 
and taxes. Managements of many companies believe 
that in the competitive atmosphere of business they 
should not release information about their reserves. 
Some States tax the reserves in the ground held by 
mining companies, making it economically advan- 
tageous, and in some cases necessary, to produce at 
capacity for years from deposits that are continually 
reported to be nearly exhausted. Definition of ton- 
nages of mineral resources of sufficiently high grade 
to be minable at current prices is difficult enough 
without trying to distinguish grades minable at 1.5 
or more times greater than the current price. Eco- 
nomic evaluations of a specific mineral deposit have 
become a complex task for a team of specialists, 
including not only geologists but also mining engi- 
neers, ore dressers, metallurgists, and economists. 
So many complex factors govern price at any given 
time that it would seem foolhardy to estimate re- 
sources in each of the economic categories and 
expect the results to be meaningful for very long. 

At some time, however, the pressures of both 
economic and geologic factors will meet in crisis. 
Economic factors may be altered rapidly. Changes 
in demand and use alter patterns of production and 
consumption; new deposits are sought elsewhere; 
substitutes will be sought; and new technology will 
be developed as the ingenuity of man is focused on 
solving the problems. But there is no economic 
availability if there is no geologic availability. Of 
the two factors, geologic availability is the more 
fundamental because without it economic availabil- 
ity is not pertinent. Just as no biological miracle 
can make it possible to extract blood from a turnip, 
neither technological magic nor astronomic dollar 
value can make it possible to extract gold or alumi- 
num or borax or mica from rocks in which they are 
not present. Geologic availability, therefore, is the 
ultimate determinant of mineral potential, and it 
is geologic availability that is stressed in the evalua- 
tions of potential mineral resources in this volume. 


Few chapters in the volume attempt to distinguish 
between tonnages now recoverable and those avail- 
able only at subeconomic levels of the three 
“certainty-of-existence’”’ categories shown in figure 
1, but virtually every chapter offers a quantitative 
evaluation in numbers or words for the resources 
in each of the three categories, and the use of the 
threefold terminology has been applied as rigorously 
and uniformly as practical in each chapter. 


GENERAL CONCLUSIONS 


We realize that this book lacks a plot sufficient to 
induce its readers into proceeding through it from 
cover to cover. Therefore, we offer here some gen- 
eral conclusions on several aspects of the Nation’s 
mineral-resource position, which have emerged 
from our editorial overview of the chapters as 
a whole. Of first importance is a summary answer 
to the principal question to which the volume is 
directed: Where do we stand with regard to re- 
sources of each commodity? Other conclusions per- 
tain to the increasing importance, as resources, of 
large volumes of low-grade rocks, and attendant 
environmental problems; the problem of enormous 
quantities of potential mineral byproducts that are 
now literally being wasted; the factor of energy in 
the extraction of minerals; and finally, the pressing 
need for vigorous research along many lines. 


MINERAL POTENTIAL: WHERE DO WE STAND? 


Each chapter of the volume has its own calcula- 
tion or other evaluation of resources governed by 
those factors deemed by the authors to be important 
to the respective commodity. There is no way to 
make the data in each chapter absolutely compara- 
ble. We would prefer that users of the volume read 
the chapters of interest to them in order to obtain 
the best possible understanding of the authors’ pre- 
sentation of resource data, and then formulate their 
own conclusions. We have, however, compiled a 
table that shows resource appraisals on a numerical 
scale, for commodities of major importance, put 
into perspective in terms of the minimum antici- 
pated cumulative demand | for the period 1968—2000 
as compiled by the U.S. Bureau of Mines (1970). 
Once again we emphasize that the resources indi- 
cated here are for the most part potential, and that 
their eventual availability as reserves is entirely 
dependent on continued geologic and technologic 
research as well as economic factors. 


1Jn using ‘‘demand’’ values for purposes of comparison we do not 
represent them as being specific goals to be reached. This volume presents 
no social or political judgments; its sole purpose is to make available 
reliable geologic resource facts and assessments for public policy decision as 
well as for use by the minerals industry. 
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TABLE 1.—Potential U.S. resources of some important min- 
eral commodities, in relation to minimum anticipated cumu- 
lative demand to year 2000 A.D. 


ST=short tons. 

LT=long tons. Tr oz—troy ounces. 

Identified resources: Includes reserves, and materials other than re- 
serves that are reasonably well known as to location, extent, and grade, 
that may be exploitable -in the future under more favorable economic 
conditions or with improvements in technology. 

Hypothetical resources: Undiscovered but geologically predictable deposits 
of materials similar to present identified resources. 

I. Domestic resources (of the category shown) are greater than 10 
times the minimum anticipated cumulative demand 1968-2000. 

II. Domestic resources are 2 to 10 times the MACD. 

Ill. Domestic resources are approximately 75 percent to 2 times the 
MACD. 

IV. Domestic resources are approximately 35-75 percent the MACD. 

V. Domestic resources are approximately 10-35 percent the MACD. 

VI. Domestic resources are less than 10 percent of the MACD. 


lb—pounds. 


Identi- 


Minimum anticipated fied Hypothetical 


Commodity cumulative demand, re- resources 
1968-2000 1 sources 
Aluminum —______ 290,000,000 ST II Not estimated. 
Asbestos __--_-_- 32,700,000 ST V VI 
Baritew $26 — a2 25,300,000 ST II II 
Chromium —____-_ 20,100,000 ST VI VI 
Clayaeree sa see S20 2,813,500,000 ST Ill II 
Copperi2222 2 vee 96,400,000 ST III III 
Hiluorine: === -2=-= 37,600,000 ST V Vv 
(ial Sis eee 372,000,000 Tr oz III Not estimated. 
Gypsum == == 719,800,000 ST I I 
IRON. == ae 3,280,000,000 ST II I 
[Read eee 2 ere et 37,000,000 ST Ill IV 
Manganese ______ 47,000,000 ST III Not estimated. 
Mercury, —--.-=__ 2,600,000 flasks V Not estimated. 
Mica, scrap __-__- 6,000,000 ST II I 
Molybdenum _____ 3,100,000,000 lbs I I 
Nickels ee 16,200,000,000 lbs III Not estimated. 
Phosphate ______- 190,000,000 ST II I 


Sand and gravel _ 56,800,000,000 ST III Not estimated. 


SilverPess 22082 3,700,000,000 Tr oz III III 
Sulturg=ssse 473,000,000 LT I I 
horiumys=—=——-—— 27,500 ST * II Not estimated. 
Titanium (TiO:) _ 38,000,000 ST II II 
Hyune-stenpe = 8 1,100,000,000 lbs Iv IV 
Waray 1,190,000 ST II Ill 
Vanadium =_—--__ 420,000 ST II Not estimated. 
ZN Cee EE 57,000,000 ST II II 

1 As estimated by U.S. Bureau of Mines, 1970. 

*For thorium, maximum anticipated cumulative demand 1968-2000, 


which assumes commercial development of economically attractive thorium 
reactors by 1980. 


Careful study of both this table and the volume 
in its entirety leads to the conclusion that only a 
few commodities are readily available to the United 
States in quantities adequate to last for hundreds 
of years. By no means is it too early to become 
concerned about future mineral supplies—and to 
start planning. Charles F. Park (1968) wrote of 
the decrease in mineral supplies that is placing 
modern American affluence in jeopardy. The real 
extent of our dependence on mineral resources places 
in jeopardy not merely affluence, but world civili- 
zation. 


LOW-GRADE ORES AND THE ENVIRONMENT 


The impelling need for minerals poses environ- 
mental problems of concern to all. Probably fore- 
most among these is the fact that for many min- 
erals future production will depend on mining enor- 


mous volumes of low-grade ores, with necessarily 
strong environmental impact. The problem can be 
temporary, and can be solved, as witness the utili- 
zation of the manganese deposits in the Nikopol 
region, U.S.S.R., described in the chapter on ‘‘Man- 
ganese.” But in most areas the opposing factions of 
industry and environmentalist are still just facing 
off. We believe the problem must be met squarely, 
realistically, and soon, by frank and objective ex- 
change—not merely between small groups repre- 
senting the mining industry on the one hand and 
outdoor enthusiasts on the other but between 
industry and the public at large. The environment 
is far bigger then any small interest group. Ulti- 
mately, a concerned public must decide in which 
order to place its priorities, and each faction of that 
public is entitled to basic information on the need 
for and availability of mineral resources as a foun- 
dation on which to base its decisions. Thus, as only 
two examples of such factions, the enthusiastic 
hiker—whether fisherman, Scout leader, or vaca- 
tioning city dweller—must realize that his dacron- 
covered aluminum-frame backpack, his nylon fish- 
ing line, his polyurethane foam pad, and even his 
dehydrated foods are either made of or processed 
by mineral products, which continue to be used up 
and must continue to be made available. Conversely, 
the miner must realize that his assertion of need to 
develop a new copper deposit, when the technology 
of extraction may leave not only important poten- 
tial byproducts but half the copper itself in the 
ground, may sound more like expediency than need. 

It is beyond the scope of this volume to attempt 
a comprehensive review or evaluation of the min- 
eral-environmental problem in general. Our pur- 
pose here is simply to indicate that the chapters of 
this volume provide some of the basic information 
on which such reviews or evaluations should be 
based. 


ECONOMICS AND WASTE 


A major aspect of resources that appears in many 
of these chapters is the extent to which many po- 
tential byproducts or coproducts are literally being 
wasted—lost forever—because there is no apparent 
economic incentive for recovering them. Some min- 
erals go into slurry ponds, some into slags, some up 
the flue. Examples of such commodities are the 
vanadium in magnetite deposits; selenium, tellu- 
rium, and gold lost through in-place leaching of 
porphyry copper deposits; fluorine, vanadium, ura- 
nium, scandium, and rare earths in marine phos- 
phorites; cadmium, bismuth, and cobalt in lead 
ores; and several metals in coal ash. Strictly speak- 
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ing, these resources belong in the category of condi- 
tional resources, but we believe there is a significant 
distinction between resources that are not econom- 
ically minable under present conditions and those 
that either are not recovered because of selective 
mining, or are discarded because of selective proc- 
essing. In many cases the perspective of geologic 
availability makes possible the view that what may 
seem economical for the short term is not neces- 
sarily so for the long term, and these potential 
resources should not be overlooked or misused. 


THE ENERGY FACTOR 


Extraction and processing of all minerals requires 
some form of energy, and it is a safe generalization 
to say that to produce a fixed amount of any given 
commodity, the lower the grade of ore, the greater 
is the quantity of energy required. Although this 
volume contains individual chapters on mineral 
energy resources, a comprehensive evaluation of 
energy resources in the context of their specific 
relation to extraction of minerals is far beyond the 
scope of the book. The reader should bear in mind 
that as the mining industry turns to lower and lower 
grades of many ores, the cost and availability of the 
required energy are probably the single most im- 
portant factors that will ultimately determine 
whether or not a particular mineral deposit can be 
worked economically. 


THE NEED FOR RESEARCH 


Potential resources are transformed into reserves 
not by moving rock, but by expanding the artificial 
boundaries of geologic knowledge and economic 
availability that delimit “reserves” from “re- 
sources”; hence, the potential of most of the re- 
sources discussed in this volume can be realized 
only as a result of applied research. Development 
of new technologies will make economic extraction 
of conditional resources feasible; innovative applica- 
tion of old geologic theory and the creation of new 
concepts of ore formation can be expected to lead 
to the discovery of conventional mineral deposits in 
favorable regions (hypothetical resources) ; research 
and exploration can be counted on to discover some 


new types of deposits and some new ore environ- 
ments and regions that we do not know about now 
(speculative resources). 

Clearly, to these factors of geologic and economic 
availability we must also add the factor of human 
ingenuity. W. E. Pratt (1943), vice president of 
Standard Oil Co., in speaking some years ago of 
petroleum exploration, cogently expressed a view- 
point that is equally pertinent for mineral explora- 
tion; ‘‘* * * physical conditions in the earth’s crust 
impose fewer and less formidable obstacles to the 
development of commercial oil fields over the earth 
than do some of our mental and social habits * * * . 
Whatever the geological conditions may be and 
whatever technique we employ, we find oil in the 
earth very rarely unless we have first acquired an 
appropriate mental attitude * * *. Where oil really 
is, then, in the final analysis, is in our own heads!” 

The chapters of this volume constitute a beginning 
effort to cultivate the ‘appropriate mental attitude” 
and to articulate the resulting ideas in terms of 
where and in what magnitudes our future mineral 
resources might be found. Only by continuing this 
effort, through vigorous pursuit of exploration, re- 
search, and technologic development, can we confi- 
dently expect to locate these potential resources and 
convert them into usable reserves. 
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INTRODUCTION 


Not many people, I have found, realize the extent 
of our dependence on minerals. It was both a sur- 
prise and a pleasure, therefore, to come across the 
observations of George Orwell in his book “The Road 
to Wigan Pier.” When describing the working con- 
ditions of English miners in the 1930’s, he evi- 
dently was led to reflect on the significance of coal: 

Our civilization . . . is founded on coal, more completely 


than one realizes until one stops to think about it. The 
machines that keep us alive, and the machines that make 


the machines are all directly or indirectly dependent upon 
coal .... Practically everything we do, from eating an ice 
to crossing the Atlantic, and from baking a loaf to writing 
a novel, involves the use of coal, directly or indirectly. For 
all the arts of peace coal is needed; if war breaks out it is 
needed all the more. In time of revolution the miner must go 
on working or the revolution must stop, for revolution as 
much as reaction needs coal .. . In order that Hitler may 
march the goosestep, that the Pope may denounce Bolshevism, 
that the cricket crowds may assemble at Lords, that the 
Nancy poets may scratch one another’s backs, coal has got 
to be forthcoming. 

To make Orwell’s statement entirely accurate— 
and ruin its force with complications—we should 
speak of mineral fuels, instead of coal, and of other 
minerals also, for it is true that minerals and min- 
eral fuels are the resources that make the industrial 
society possible. The essential role of minerals and 
mineral fuels in human life may be illustrated by a 
simple equation 

RXEXxI 
= 

P 

in which the society’s average level of living (L), 
measured in its useful consumption of goods and 
services, is seen to be a function of its useful con- 
sumption of all kinds of raw materials (R), includ- 
ing metals, nonmetals, water, soil minerals, biologic 
produce, and so on; times its useful consumption of 
all forms of energy (E£) ; times its useful consump- 
tion of all forms of ingenuity (J), including political 
and socio-economic as well as technologic ingenuity ; 
divided by the number of people (P) who share in 
the total product. 

This is a restatement of the classical economists’ 
equation in which national output is considered to 
be a function of its use of capital and labor, but it 
shows what capital and labor really are. Far from 
being mere money, which is what it is popularly 
thought to mean, capital represents accumulated 
usable raw materials and things made from them, 
usable energy, and especially accumulated knowl- 
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edge. And the muscle power expended in mere physi- 
eal toil, which is what labor is often thought to 
mean, is a trivial contribution to national output 
compared to that supplied by people in the form of 
skills and ingenuity. 

This is only a conceptual equation, of course, for 
numerical values cannot be assigned to some of its 
components, and no doubt some of them—ingenuity 
in particular—should receive far more weight than 
others. Moreover, its components are highly inter- 
related and interdependent. It is the development 
and use of a high degree of ingenuity that makes 
possible the high consumption of minerals and fuels, 
and the use of minerals and fuels are each essential 
to the availability and use of the other. Neverthe- 
less, the expression serves to emphasize that level 
of living is a function of our intelligent use of 
natural resources, and it brings out the importance 
of the use of energy and minerals in the industrial 
society. As shown in figure 2, per capital Gross Na- 
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FIGURE 2.—Per capita energy consumption compared to per 
capita Gross National Product (GNP) in countries for 
which statistics are available in the United Nations “Sta- 
tistical Yearbook” for 1967. 


tional Product among the countries of the world is, 
in fact, closely related to their per capita consump- 
tion of energy. Steel consumption also shows a close 
relation to per capita GNP (fig. 3), as does the con- 
sumption of many other minerals. 

Because of the key role that minerals and fuels 
play in economic growth and in economic and mili- 
tary security, the extent of their resources is a 
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FIGURE 3.—Per capita steel consumption compared to per 
capita Gross National Product (GNP) in countries for 
which statistics are available in the United Nations “Sta- 
tistical Yearbook” for 1967. 


matter of great importance to government, and 
questions concerning the magnitude of resources 
arise in conjunction with many public problems. 
To cite some recent examples, the magnitude of 
low-cost coal and uranium reserves has been at the 
heart of the question as to when to press the de- 
velopment of the breeder reactor—which requires 
a research-and-development program involving such 
an enormous outlay of public capital that it would 
be unwise to make the investment until absolutely 
necessary. 

Similarly, estimates of potential oil and gas re- 
sources are needed for policy decisions related to 
the development of oil shale and coal as commercial 
sources of hydrocarbons, and estimates are needed 
also as the basis for decisions concerning prices and 
import controls. 

Faced with a developing shortage of natural gas, 
the Federal Power Commission is presently much 
interested in knowing whether or not reserves re- 
ported by industry are an accurate indication of the 
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amount of natural gas actually on hand; it also 
wants to know the extent of potential resources and 
the effect of price on their exploration and develop- 
ment. At the regional or local level, decisions with 
respect to the designation of wilderness areas and 
parks, the construction of dams, and other matters 
related to land use involve appraisal of the distri- 
bution and amount of the resources in the area. 
The questions of the need for an international 
regime governing the development of seabed re- 
sources, the character such arrangement should 
have, the definition of the area to which it should 
apply also involve, among other considerations, 
analysis of the probable character, distribtuion, and 
magnitude of subsea mineral resources. 

And coming to the forefront is the most serious 
question of all—namely, whether or not resources 
are adequate to support the continued existence of 
the world’s population and indeed our own. The pos- 
sibility to consider here goes much beyond Malthus’ 
gloomy observations concerning the propensity of 
a population to grow to the limit of its food supply, 
for both population and level of living have grown 
as the result of the consumption of nonrenewable 
resources, and both are already far too high to 
maintain without industrialized, high-energy, and 
high mineral-consuming agriculture, transportation, 
and manufacturing. I will say more about this ques- 
tion later, but to indicate something of the magni- 
tude of the problem let me point out that, in attain- 
ing our high level of living in the United States, we 
have used more minerals and mineral fuels during 
the last 30 years than all the people of the world 
used previously. This enormous consumption will 
have to be doubled just to meet the needs of the 
people now living in the United States through the 
remainder of their lifetimes, to say nothing about 
the needs of succeeding generations, or the increased 
consumption that will have to take place in the 
lesser developed countries if they are to attain a 
similar level of living. 


CONCEPTS OF RESERVES AND RESOURCES 


The focus of most of industry’s concern over the 
extent of mineral resources is on the magnitude of 
the supplies that exist now or that can be developed 
in the near term, and this is of public interest also. 
Many other policy decisions, however, relate to the 
much more difficult question of potential supplies, 
a question that to be answered properly must take 
account both of the extent of undiscovered deposits 
as well as deposits that cannot be produced profit- 
ably now but may become workable in the future. 
Unfortunately, the need to take account of such 


deposits is often overlooked, and there is a wide- 
spread tendency to think of potential resources as 
consisting merely of materials in known deposits 
producible under present economic and technologic 
conditions. 

In connection with my own involvement in re- 
source appraisal, I have been developing over the 
last several years a system of resource classification 
and terminology that brings out the classes of re- 
sources that need to be taken into account in ap- 
praising future supplies, which I believe helps to 
put the supply problem into a useful perspective. 
Before describing it, however, I want to emphasize 
that the problem of estimating potential resources 
has several built-in uncertainties that make an accu- 
rate and complete resource inventory impossible, 
no matter how comprehensive its scope. 

One such uncertainty results from the nature of 
the occurrence of mineral deposits, for most of them 
lie hidden beneath the earth’s surface and are diffi- 
cult to locate and to examine in a way that yields 
accurate knowledge of their extent and quality. 
Another source of uncertainty is that the specifica- 
tions of recoverable materials are constantly chang- 
ing as the advance of technology permits us to mine 
or process minerals that were once too low in grade, 
too inaccessible, or too refractory to recovery profit- 
ably. Still another results from advances that make 
it possible to utilize materials not previously visual- 
ized as usable at all. 

For these reasons the quantity of usable resources 
is not fixed but changes with progress in science, 
technology, and exploration and with shifts in eco- 
nomic conditions. We must expect to revise our 
estimates periodically to take account of new de- 
velopments. Even incomplete and provisional esti- 
mates are better than none at all, and if they 
differentiate known, undiscovered, and presently 
uneconomic resources they will help to define the 
supply problem and provide a basis for policy de- 
cisions relating to it. 

The need to differentiate the known and the re- 
coverable from the undiscovered and the uneconomic 
requires that a resource classification system con- 
vey two prime elements of information: the degree 
of certainty about the existence of the materials 
and the economic feasibility of recovering them. 
These two elements have been recognized in exist- 
ing terminology, but only incompletely. Thus as 
used by both the mining and the petroleum indus- 
tries, the term reserves generally refers to eco- 
nomically recoverable material in identified deposits, 
and the term resources includes in addition deposits 
not yet discovered as well as identified deposits that 
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cannot be recovered now (for example, Blondel and 
Lasky, 1956). 


The degree of certainty about the existence of 
the materials is described by terms such as proved, 
probable, and possible, the terms traditionally used 
by industry, and measured, indicated, and inferred, 
the terms devised during World War II by the Geo- 
logical Survey and the Bureau of Mines to serve 
better the broader purpose of national resource 
appraisal. Usage of these degree-of-certainty terms 
is by no means standard, but all their definitions 
show that they refer only to deposits or structures 
known to exist. 


Thus, one of the generally accepted definitions of 
possible ore states that it is to apply to deposits 
whose existence is known from at least one ex- 
posure, and another definition refers to an ore body 
sampled only on one side. The definition of inferred 
reserves agreed to by the Survey and the Bureau 
of Mines permits inclusion of completely concealed 
deposits for which there is specific geologic evi- 
dence and for which the specific location can be 
described, but it makes no allowance for ore in un- 
known structures of undiscovered districts. The 
previous definitions of both sets of terms also link 
them to deposits minable at a profit; the classifica- 
tion system comprised of these terms has thus 
neglected deposits that might become minable as 
the result of technologic or economic developments. 

To remedy these defects, I have suggested that 
existing terminology be expanded into the broader 
framework shown in figure 4, in which degree of 
certainty increases from right to left and feasi- 
bility of economic recovery increases from bottom 
to top. Hither of the series of terms already used 
to describe degree of certainty may be used with 
reference to identified deposits and applied not only 
to presently minable deposits but to others that 
have been identified with the same degree of cer- 
tainty. Feasibility-of-recovery categories are desig- 
nated by the terms recoverable, paramarginal, and 
submarginal. 

Paramarginal resources are defined here as those 
that are recoverable at prices as much as 1.5 times 
those prevailing now. (I am indebted to S. P. 
Schweinfurth for suggesting the prefix para to indi- 
cate that the materials described are not only those 
just on the margin of economic recoverability, the 
common economic meaning of the term marginal.) 
At first thought this price factor may seem to be 
unrealistic. The fact is, however, that prices of many 
mineral commodities vary within such a range from 
place to place at any given time, and a price elas- 
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FIGURE 4.—Classification of mineral reserves and resources. 
Degree of certainty increases from right to left, and 
feasibility of economic recovery increases from bottom to 
top. 


ticity of this order of magnitude is not uncommon 
for many commodities over a space of a few years 
or even months, as shown by recent variations in 
prices of copper, mercury, silver, sulfur, and coal. 
Deposits in this category thus become commercially 
available at price increases that can be borne with- 
out serious economic effects, and chances are that 
improvements in existing technology will make them 
available at prices little or no higher than those 
prevailing now. 

Over the longer period, we can expect that tech- 
nologic advances will make it profitable to mine 
resources that would be much too costly to produce 
now, and, of course, that is the reason for trying to 
take account of submarginal resources. Again, it 
might seem ridiculous to consider resources that 
cost two or three times more than those produced 
now as having any future value at all. But keep in 
mind, aS one of many examples, that the cutoff 
grade for copper has been reduced progressively not 
just by a factor of two or three but by a factor of 
10 since the turn of the century and by a factor of 
about 250 over the history of mining. Many of the 
fuels and minerals being produced today would once 
have been classed as submarginal under this defini- 
tion, and it is reasonable to believe that continued 
technologic progress will create recoverable reserves 
from this category. 
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EXAMPLES OF ESTIMATES OF POTENTIAL 
RESOURCES 


For most minerals, the chief value of this classi- 
fication at present is to call attention to the informa- 
tion needed for a comprehensive appraisal of their 
potential, for we haven’t developed the knowledge 
and the methods necessary to make meaningful 
estimates of the magnitude of undiscovered deposits, 
and we don’t know enough about the cost of pro- 
ducing most presently noncommercial deposits to 
separate paramarginal from submarginal resources. 
Enough information is available for the mineral 
fuels, however, to see their potential in such a 
framework. 


The fuel for which the most complete information 
is available is the newest one—uranium. As a result 
of extensive research sponsored by the Atomic En- 
ergy Commission, uranium reserves and resources 
are reported in several cost-of-recovery categories, 
from less than $8 to more than $100 per pound of 
U;0;. For the lower cost ores, the AEC makes peri- 
odic estimates in two degree-of-certainty categories, 
one that it calls reasonably assured reserves and the 
other it calls additional resources, defined as ura- 
nium surmised to occur in unexplored extensions of 
known deposits or in undiscovered deposits in known 
uranium districts. Both the AEC and the Geological 
Survey have made estimates from time to time of 
resources in other degree-of-certainty and cost-of- 
recovery categories. 

Ore in the less-than-$8-per-pound class is minable 
now, and the AEC estimates reasonably assured 
reserves to be 143,000 tons and additional resources 
to be 167,000 tons of U;O0,—just about enough to 
supply the lifetime needs of reactors in use or 
ordered in 1968 and only half that required for 
reactors expected to be in use by 1980. The Geo- 
logical Survey, however, estimates that undiscov- 
ered resources of presently minable quality may 
amount to 750,000 tons, or about 2.5 times that in 
identified deposits and districts. Resources in the 
$8- to $30-a-pound category in identified and undis- 
covered deposits add only about 600,000 tons of 
U;0; and thus do not significantly increase potential 
reserves. 

But tens of millions of tons come into prospect 
in the price range of $30 to $100 per pound. Ura- 
nium at such prices would be usable in the breeder 
reactor. The breeder, of course, would utilize not 
only U?> but also U2**, which is 140 times more 
abundant than U2*. Plainly the significance of ura- 
nium as a commercial fuel lies in its use in the 
breeder reactor, and one may question, as a number 


of critics have (for example, Inglis, 1971), the 
advisability of enlarging nuclear generating capacity 
until the breeder is ready for commercial use. 

Until recently the only information available about 
petroleum resources consisted of estimates of proved 
reserves prepared annually by the American Petro- 
leum Institute and the American Gas Association, 
plus a few estimates of what has been called ulti- 
mate production, that is, the total likely to be 
eventually recovered. A few years ago, however, the 
API began to report estimates of total oil in place 
in proved acreage, and the Potential Gas Committee 
began to estimate possible and probable reserves of 
natural gas, defining them as consisting of gas 
expected to be found in extensions of identified fields 
and in new discoveries in presently productive strata 
in producing provinces. It also introduced another 
category, speculative resources—equivalent to what 
I have called “undiscovered”—to represent gas to 
be found in nonproducing provinces and in presently 
unproductive strata in producing provinces. 

In 1970 the National Petroleum Council released 
a summary of a report on “Future Petroleum Prov- 
inces of the United States,” prepared at the request 
of the Department of the Interior, in which it re- 
ported estimates of crude oil in the combined 
probable-possible class and in the speculative cate- 
gory. In addition, NPC estimated the amounts that 
would be available under two assumptions as to the 
percent of the oil originally in place that might be 
recovered in the future (table 2). NPC did not assess 
the cost of such recovery, but the average recovery 
is now about 30 percent of the oil in place, and NPC 
expects it to increase gradually to about 42 percent 
in the year 2000 and to 60 percent eventually. The 
NPC estimates do not cover all potentially favorable 
areas either on land or offshore but, even so, in the 
sum of these various categories NPC sees about 12 
times as much oil remaining to be discovered and 
produced as exists in proved reserves alone. 

The Potential Gas Committee’s estimates of po- 
tential gas resources similarly do not cover all 
favorable areas, but they indicate that resources in 
the probable, possible, and speculative categories 
are about twice that of proved reserves and past 
production. Because about 80 percent of the gas 
originally in place is now recovered, paramarginal 
and submarginal resources in ordinary gas reservoirs 
are not as large as for crude oil. Paramarginal and 
submarginal gas resources may be significant, how- 
ever, in kinds of rocks from which gas is not now 
recovered, namely impermeable strata and coal. In 
the Rocky Mountain province, for instance, Haun, 
Barlow, and Hallinger (1970) recently estimated 
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TABLE 2.—Some estimates of U.S. crude-oil reserves and resources, in billion barrels 
[API, American Petroleum Institute; NPC, National Petroleum Council] 


In identified fields or stuctures 


In undiscovered 


Proved 


fields and structures 


Probable-possible (speculative) 


Recoverable at present rate? _______________ 81 (API) 74 (NPC) 67 (NPC) 
Additional at 42 percent recovery ~------_-- 47 (NPC) 22 (NPC) 21 (NPC) 
Additional at 60 percent recovery __----_--_- 69 (NPC) 40 (NPC) 87 (NPC) 
Onl onystinalllhy ita mee —- 388 (API)? 227 (NPC) 209 (NPC) 


Motalronltorr pun alllivainep lec es re 
Ultimate production ” 


2200 (Hendricks and Schweinfurth, 1968). 
190 (Hubbert, 1969); 3853 (Moore, 1966); 433 (Weeks)*; 450 (Elliott 


and Linden, 1968); 432-495 (NPC); 550 (Hendricks and Schwein- 
furth, 1968). 


1 Average recovery is 30 percent of oil in place. 

Includes past production of 86 billion barrels. 

8 See McKelvey (1968, Table II, p. 18). 
potential gas resources in ordinary reservoirs to be 
in the range of 100 to 200 trillion cubic feet, but 
pointed out that gas in impermeable strata which 
might be released by nuclear stimulation would be 
several times that amount. Gas occluded in coal— 
now only a menace in this country as a cause of 
explosions—is already recovered in some European 
mines and is also a potentially large resource. 

The uncertainties concerning potential coal re- 
sources center not on their total magnitude, as they 
do for oil and gas, but on the amounts available at 
present prices. Because coal beds have great lateral 
continuity, geologic mapping and stratigraphic stud- 
ies make it possible to project them long distances 
from their outcrops and to categorize them in terms 
of thickness of beds, thickness of overburden, rank 
of coal, and other features that affect cost. The Geo- 
logical Survey has prepared such estimates, but the 
cost of recovering coal in the various categories has 
yet to be determined. Coal in beds more than 14 
inches thick totals at least 3.3 trillion tons in the 
United States, but estimates of the amounts min- 
able at present prices have ranged from 20 to 220 
billion tons. (See U.S. Office of Science and Tech- 
nology, “Energy R and D and National Progress.’’) 
Because 20 billion tons represents nearly a 40-year 
supply at present rates of consumption, it is easy 
to see why the studies needed to determine how 
much would be available at various costs have not 
been undertaken. The question is by no means only 
of academic interest, for the nuclear power develop- 
ment program was justified in part in its early years 
on the assumption that reserves of low-cost coal 
were extremely limited, and part of the continued 
growth of the nuclear power industry is said to be 
the result of the difficulty power companies are 
having in acquiring low-cost reserves. 


QUANTIFYING THE UNDISCOVERED 


Considering potential resources in the degree-of- 
certainty, cost-of-recovery framework brings out 


the joint role that geologists, engineers, mineral 
technologists, and economists must play in estimat- 
ing their magnitude. Having emphasized the im- 
portance of the economic and technologic side of 
the problem, I want now to turn to the geological 
side and consider the problem of how to appraise 
the extent of undiscovered reserves and resources. 

It is difficult enough to estimate the extent of un- 
explored resources of the inferred or possible class. 
In fact, it is even difficult to estimate measured or 
proved reserves with a high degree of accuracy until 
they have been largely mined out. Thus, estimates 
of proved reserves prepared in advance of appre- 
ciable production commonly have an error of about 
25 percent, and the error in estimates of incom- 
pletely explored deposits is usually much larger. 
Generally the combination of the geologist’s inherent 
conservatism and the lack of information on the 
geology of concealed areas leads to estimates that 
err in being too low rather than too high. 

One eminent mining geologist reported that, hav- 
ing recognized these effects, he once arbitrarily 
tripled his calculations to arrive at an estimate of 
the ore remaining in a producing district; twice the 
amount of his inflated estimate, however, was found 
and mined over the next 20 years, and more was in 
prospect. To match many such stories are at least 
a few prematurely deserted mills and mine instal- 
lations built on the expectation of finding ore that 
did not materialize. Both kinds of experiences em- 
phasize the difficulty of appraising the extent of 
mineral deposits even in partly explored areas. In 
the light of such experiences one is justified in ask- 
ing—as many well-informed people have—whether 
estimates of the magnitude of undiscovered deposits 
can have enough reliability to make them worth- 
while. 

The fact that new districts are still being discov- 
ered for nearly every commodity and that large 
areas favorable for the occurrence of minerals of 
all kinds are covered by alluvium, volcanics, glacial 
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drift, seawater, or other materials that conceal pos- 
sible mineral-bearing rocks or structures assures us 
that undiscovered deposits are still to be found. 
Qualitatively, at least, we know something about 
the distribution of minerals with respect to other 
geologic phenomena and, if this is so, we have a 
chance of developing quantitative relations that will 
give us at least a start. 

Two principal approaches to the problem have 
been taken thus far. One is to extrapolate observa- 
tions related to rate of industrial activity, such as 
annual production of the commodity; the other is to 
extrapolate observations that relate to the abun- 
dance of the mineral in the geologic environment 
in which it is found. 

The first of these methods has been utilized by 
M. K. Hubbert (1969), C. L. Moore (1966), and 
M. A. Elliott and H. R. Linden (1968) in estimat- 
ing ultimate reserves of petroleum. The essential 
features of this approach are to analyze the growth 
in production, proved reserves, and discovery per 
foot of drilling over time and to project these rate 
phenomena to terminal values in order to predict 
ultimate production. Hubbert has used the logistic 
curve for his projections, and Moore has utilized the 
Gompertz curve, with results more than twice as 
high as those of Hubbert. As Hubbert has pointed 
out, these methods utilize the most reliable informa- 
tion collected on the petroleum industry; modern 
records on production, proved reserves, number of 
wells drilled, and similar activities are both rela- 
tively complete and accurate, at least as compared 
with quantitative knowledge about geologic features 
that affect the distribution of petroleum. 

The rate methods, however, have an inherent 
weakness in that the phenomena they analyze reflect 
human activities that are strongly influenced by 
economic, political, and other factors that bear no 
relation to the amount of oil or other material that 
lies in the ground. Moreover, they make no allow- 
ance for major breakthroughs that might transform 
extensive paramarginal or submarginal resources 
into recoverable reserves, nor do they provide a 
means of estimating the potential resources of un- 
explored regions. Such projections have some value 
in indicating what will happen over the short term 
if recent trends continue, but they can have only 
limited success in appraising potential resources. 

Even the goal of such projections, namely the 
prediction of ultimate production, is not a useful 
one. Not only is it impossible to predict the quanti- 
tative effects of man’s future activities but the con- 
cept implies that the activities of the past are a 
part of an inexorable process with only one pos- 


sible outcome. Far more useful, in my opinion, are 
estimates of the amounts of various kinds of ma- 
terials that are in the ground in various environ- 
ments; such estimates establish targets for both the 
explorer and the technologist, and they give us a 
basis for choosing among alternative ways of meet- 
ing our needs for mineral supplies. 

The second principal approach taken thus far to 
the estimation of undiscovered resources involves 
the extrapolation of data on the abundance of min- 
eral deposits from explored to unexplored ground 
on the basis of either the area or the volume of 
broadly favorable rocks. In the field of metalliferous 
deposits, Nolan (1950) pioneered in extrapolation 
on the basis of area in his study of the spatial and 
size distribution of mineral deposits in the Boulder 
Dam region and in his conclusion that a similar 
distribution should prevail in adjacent concealed 
and unexplored areas. Weeks (1958, 1965) and Pratt 
(1950) played similar roles with respect to the esti- 
mation of petroleum resources—Weeks extrapolat- 
ing on the basis of oil per unit volume of sediment 
and Pratt on the basis of oil per unit area. Many 
of the estimates of crude oil that went into the 
NPC study were made by the volumetric method, 
utilizing locally appropriate factors on the amount 
of oil expected per cubic mile of sediment. Olson and 
Overstreet (1964) have since used the area method 
to estimate the magnitude of world thorium re- 
sources as a function of the size of areas of igneous 
and metamorphic rocks as compared with India and 
the United States, and A. P. Butler (written com- 
mun., 1958) used the magnitude of sandstone ura- 
nium ore reserves exposed in outcrop as a basis for 
estimating the area in back of the outcrop that is 
similarly mineralized. 

Several years ago, Zapp (1962) and Hendricks 
(1965) introduced another approach, based on the 
amount of drilling required to explore adequately 
the ground favorable for exploration and the re- 
serves discovered by the footage already drilled— 
a procedure usable in combination with either the 
volumetric or areal approach. Recently J. B. Zim- 
merman and F. L. Long (cited in “Oil and Gas 
Journal, 1969”) applied this approach to the esti- 
mation of gas resources in the Delaware—Val Verde 
basins of west Texas and southeastern New Mexico; 
and Haun, Barlow, and Hallinger (1970) used it to 
estimate potential natural gas resources in the 
Rocky Mountain region. In the field of metals, 
Lowell (1970) has estimated the number of undis- 
covered porphyry copper deposits in the southwest- 
ern United States, Chile and Peru, and British Co- 
lumbia as a function of the proportion of the 
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favorable pre-ore surface adequately explored by 
drilling, and Armstrong (1970) has similarly esti- 
mated undiscovered uranium reserves in the Gas 
Hills area of Wyoming on the basis of the ratios 
between explored and unexplored favorable areas. 

I have suggested another variant of the areal 
method for estimating reserves of nonfuel minerals 
which is based on the fact that the tonnage of 
minable reserves of the well-explored elements in 
the United States is roughly equal to their crustal 
abundance in percent times a billion or 10 billion 
(fig. 5). Obviously this relation is influenced by the 
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FIGURE 5.—Domestic reserves of elements compared to their 
abundance in the earth’s crust. Tonnage of ore minable 
now is shown by a dot; tonnage of lowergrade ores whose 
exploitation depends upon future technological advances 
or higher prices is shown by a bar. 


extent of exploration, for it is only reserves of the 
long-sought and well-explored minerals that display 
the relation to abundance. But it is this feature 
that gives the method its greatest usefulness, for 
it makes it possible to estimate potential resources 
of elements, such as uranium and thorium, that 
have been prospected for only a short period. Sekine 
(1963) tested this method for Japan and found it 
applicable there, which surprised me a little, for I 
would not have thought Japan to be a large enough 
sample of the continental crust to bring out this 
relationship. 

The relation between reserves and abundance, of 
course, can at best be only an approximate one, use- 
ful mainly in order-of-magnitude estimates, for 
obviously crustal abundance of an element is only 


one of its properties that lead to its concentration. 
That it is an important factor, however, may be 
seen not only in its influence on the magnitude of 
reserves but also in other expressions of its influence 
on the concentrations of the elements. For example, 
of the 18 or so elements with crustal abundances 
greater than about 200 parts per million, all but 
fluorine and strontium are rock forming in the 
sense that some extensive rocks are composed chiefly 
of minerals of which each of these elements is a 
major constituent. Of the less abundant elements, 
only chromium, nitrogen, and boron have this dis- 
tinction. Only a few other elements, such as copper, 
lead, and zinc, even form ore bodies composed 
mainly of minerals of which the valuable element 
is a major constituent, and in a general way the 
grade of minable ores decreases with decreasing 
crustal abundance. A similar gross correlation exists 
between abundance of the elements and the number 
of minerals in which they are a significant con- 
stituent. 

Members of a committee of the Geology and the 
Conservation of Mineral Resources Board of the 
Soviet Union have described a somewhat similar 
method for the quantitative evaluation of what they 
call predicted reserves of oil and gas, based on esti- 
mates of the total amount of hydrocarbons in the 
source rock and of the fraction that has migrated 
into commercial reservoirs—estimates that would 
be much more difficult to obtain for petroleum than 
for the elements. Probably for this reason not much 
use has been made of this method, but it seems 
likely that quantitative studies of the effects of the 
natural fractionation of the elements might be of 
some value in estimating total resources in various 
size and grade categories. 

Some studies of the grade-frequency distribution 
of the elements have, in fact, been undertaken by 
geochemists in the last couple of decades, and, 
taking off from Nolan’s work, several investigators 
have studied the areal and size-frequency distribu- 
tion of mineral deposits in conjunction with at- 
tempts to apply the methods of operations research 
to exploration (for example, Allais, 1957; Slichter, 
1960; Griffiths, 1964; DeGeoffroy and Wu, 1970, 
and Harris and Euresty, 1969). None of these stud- 
ies has been concerned with the estimation of un- 
discovered reserves, but they have identified two 
features about the distribution of mineral deposits 
that may be applicable to the problem. 

One is that the size distribution of both metal- 
liferous deposits, expressed in dollar value of pro- 
duction, and of oil and gas, expressed in volumetric 
units, has been found to be log normal, which means 
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that of a large population of deposits, a few contain 
most of the ore (for example, Slichter, 1960; Kauf- 
man, 1963). In the Boulder Dam area, for example, 
4 percent of the districts produced 80 percent of the 
total value of recorded production. The petroleum 
industry in the United States has a rule of thumb 
that 5 percent of the fields account for 50 percent 
of the reserves and 50 percent of fields, for 95 per- 
cent. And in the USSR, about 5 percent of the oil 
fields contain about 75 percent of the oil, and 10 
percent of the gas fields have 85 percent of the 
gas reserves. 

The other feature of interest is that in many de- 
posits the grade-tonnage distribution is also log 
normal, and the geochemists have found this to be 
the case also with the frequency distribution of 
minor elements. 

These patterns of size- and grade-frequency dis- 
tribution will not in themselves provide information 
on the magnitude of potential resources, for they 
describe only how minerals are distributed and not 
how much is present. But if these patterns are com- 
bined with quantitative data on the incidence of 
congeneric deposits in various kinds of environ- 
ments, the volume or area of favorable ground, and 
the extent to which it has been explored, they might 
yield more useful estimates of potential resources 
than are obtainable by any of the procedures so far 
applied. Thus, estimates of total resources described 
in terms of their size- and grade-frequency distri- 
butions could be further analyzed in the light of 
economic criteria defining the size, grade, and ac- 
cessibility of deposits workable at various costs, 
and then partitioned into feasibility-of-recovery and 
degree-of-certainty categories to provide targets for 
exploration and technologic development as well as 
guidance for policy decisions. 

Essential for such estimates, of course, is better 
knowledge than is now in hand for many minerals 
on the volume of ore per unit of favorable ground 
and on the characteristics of favorable ground itself. 
For petroleum the development of such knowledge 
is already well advanced. For example, whereas most 
estimates of resources have been based on an as- 
sumed average petroleum content of about 50,000 
barrels per cubic mile of sediment, varied a little 
perhaps to reflect judgments of favorability, the 
range in various basins is from 10,000 to more than 
2,000,000 barrels per cubic mile. As shown by the 
recent analysis by Halbouty and his colleagues 
(1970) of the factors affecting the formation of 
giant fields, the geologic criteria are developing that 
make it possible to classify sedimentary basins in 
terms of their petroleum potential. Knowledge of 


the mode of occurrence and genesis of many metal- 
liferous minerals and of the geology of the terranes 
in which they occur is not sufficient to support com- 
prehensive estimates prepared in this way. But for 
many kinds of deposits enough is known to utilize 
this kind of approach on a district or regional basis, 
and I hope a start can soon be made in this direction. 


' NEED FOR REVIEW OF RESOURCE 
ADEQUACY 


Let me return now to the question of whether or 
not resources are adequate to maintain our present 
level of living. This is not a new question by any 
means. In 1908 it was raised as a national policy 
issue at the famous Governors’ Conference on Re- 
sources, and it has been the subject of rather ex- 
tensive inquiry by several national and international 
bodies since then. In spite of some of the dire pre- 
dictions about the future made by various people 
in the course of these inquiries, they did not lead 
to any major change in our full-speed-ahead policy 
of economic development. Some of these inquiries, 
in fact, led to immediate investigations that re- 
vealed a greater resource potential for certain 
minerals than had been thought to exist, and the 
net effect was to alleviate rather than heighten 
concern. 

Now, however, concern about resource adequacy 
is mounting again. The overall tone of the recent 
National Academy of Sciences’ report on “Resources 
and Man” was cautionary if not pessimistic about 
continued expansion in the production and use of 
mineral resources, and many scientists, including 
some eminent geologists, have expressed grave 
doubts about our ability to continue on our present 
course. The question is also being raised interna- 
tionally, particularly in developing countries where 
concern is being expressed that our disproportionate 
use of minerals to support our high level of living 
may be depriving them of their own future. 

Personally, I am confident that for millennia to 
come we can continue to develop the mineral sup- 
plies needed to maintain a high level of living for 
those who now enjoy it and raise it for the im- 
poverished people of our own country and the world. 
My reasons for thinking so are that there is a 
visible undeveloped potential of substantial propor- 
tions in each of the processes by which we create 
resources and that our experience justifies the be- 
lief that these processes have dimensions beyond 
our knowledge and even beyond our imagination at 
any given time. 

Setting aside the unimaginable, I will mention 
some examples of the believable. I am sure all geolo- 
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gists would agree that minable undiscovered depos- 
its remain in explored as well as unexplored areas 
and that progress in our knowledge of regional 
geology and in exploration will lead to the discov- 
ery of many of them. With respect to unexplored 
areas, the mineral potential of the continental mar- 
gins and ocean basins deserves particular emphasis, 
for the technology that will give us access to it is 
clearly now in sight. For many critical minerals, 
we already know of substantial paramarginal and 
submarginal resources that experience tells us 
should be brought within economic reach by tech- 
nological advance. The process of substituting an 
abundant for a scarce material has also been pur- 
sued successfully, thus far not out of need but out 
of economic opportunity, and plainly has much po- 
tential as a means of enlarging usable resources. 

Extending our supplies by increasing the effi- 
ciency of recovery and use of raw materials has 
also been significant. For example, a unit weight 
of today’s steel provides 43 percent more structural 
support than it did only 10 years ago, reducing pro- 
portionately the amount required for a given pur- 
pose. Similarly, we make as much electric power 
from 1 ton of coal now as we were able to make 
from 7 tons around the turn of the century. Our 
rising awareness of pollution and its effects surely 
will force us to pay even more attention to increas- 
ing the efficiency of mineral recovery and use as a 
means of reducing the release of contaminants to 
the environment. For similar reasons, we are likely 
to pursue more diligently processes of recovery, re- 
use, and recycling of mineral materials than we 
have in the past. 

Most important to secure our future is an abun- 
dant and cheap supply of energy, for if that is 
available we can obtain materials from low-quality 
sources, perhaps even country rocks, as Harrison 
Brown (1954, p. 174-175) has suggested. Again. I 
am personally optimistic on this matter, with re- 
spect to the fossil fuels and particularly to the 
nuclear fuels. Not only does the breeder reactor 
appear to be near enough to practical reality to 
justify the belief that it will permit the use of 
extremely low-grade sources of uranium and thor- 
ium that will carry us far into the future, but dur- 
ing the last couple of years there have been exciting 
new developments in the prospects for commercial 
energy from fusion. Gothermal energy has a large 
unexploited potential, and new concepts are also 
being developed to permit the commercial use of 
solar energy. 

But many others do not share these views, and it 
seems likely that soon there will be a demand for a 


confrontation with the full-speed-ahead philosophy 
that will have to be answered by a deep review of 
resource adequacy. I myself think that such a re- 
view is necessary, simply because the stakes have 
become so high. Our own population, to say nothing 
of the world’s, is already too large to exist without 
industrialized, high energy- and mineral-consuming 
agriculture, transportation, and manufacturing. If 
our supply of critical materials is enough to meet 
our needs for only a few decades, a mere tapering 
off in the rate of increase of their use, or even a 
modest cutback, would stretch out these supplies 
for only a trivial period. If resource adequacy can- 
not be assured into the far-distant future, a major 
reorientation of our philosophy, goals, and way of 
life will be necessary. And if we do need to revert 
to a low resource-consuming economy, we will have 
to begin the process as quickly as possible in order 
to avoid chaos and catastrophe. 

Comprehensive resource estimates will be essen- 
tial for this critical examination of resource ade- 
quacy, and they will have to be made by techniques 
of accepted reliability. The techniques I have de- 
scribed for making such estimates have thus far 
been applied to only a few minerals, and none of 
them have been developed to the point of general 
acceptance. Better methods need to be devised and 
applied more widely, and I hope that others can be 
enlisted in the effort necessary to do both. 
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ABSTRACT OF CONCLUSIONS 


Crustal abundance data and the _ reserve-abundance 
(R=AX10*") relationship of McKelvey are combined to 
calculate the total amounts of several metals in the earth’s 
crust, in various segments of the crust, in United States 
crust, in United States crust to a 1-kilometer depth, and in 
the potential currently recoverable resources. Marginal re- 
sources are not reported. The potential recoverable resource 
for most elements should approach R=2.45A X10°, where A 
is abundance expressed in grams per metric ton or parts per 
million and R is resource expressed in metric tons. Those 
metals whose known reserves most closely approach the 
calculated potential recoverable resource are the metals that 
have been most diligently sought for the longest time (lead, 
copper, zinc, silver, gold, molybdenum). Those metals whose 
known reserves are very much less than the calculated po- 
tential recoverable resource (nickel, tin) are the metals 
usually found in geologic environments not common in the 
United States. Those metals whose reserve-potential re- 


source relation is intermediate between crustal abundance 
and reserve abundance are those that have not been vital to 
our economy in the past, whose prices are subject to great 
fluctuation, or whose past source has been chiefly as a by- 
product. Thus, the scheme of predicting resource potentials 
in relation to crustal abundance seems valid—if we search 
for an element hard enough, we find it in about the quan- 
tities we might expect. 

If we accept the abundance-reserve relationship, it follows 
that R=2.45X10° is a minimum total resource estimate be- 
cause the relationship is based upon currently recoverable 
resources and does not include resources whose feasibility 
of economic recovery is not established. Substantial varia- 
tions of total resource estimates from this formula prob- 
ably are caused by geologic factors and the inherent geo- 
chemical nature of the element. However, recent discoveries 
of several new types of mineral deposits indicate that we 
need to critically examine our criteria for where and how to 
look for mineral deposits. Certainly, significant mineral de- 
posists remain undiscovered because exploration efforts are 
commonly confined to the classic environments of ore deposi- 
tion. 


ABUNDANCE-RESOURCE-RESERVE 
RELATIONSHIPS 


The table of abundance, reserves, and potential 
resources of some metals in the earth’s crust and 
United States crust presented in this chapter pro- 
vides a broad general framework in which to ex- 
amine the relation between abundance, reserves, and 
resources. The abundance data used for mass and 
resource calculations are based upon the work of 
Lee and Yao (1970). These authors have taken into 
account oceanic crust, variation with depth of con- 
tinental crust, and variation between shield areas, 
folded belts, and volcanic arcs. They also provide 
reasonable figures for thickness and mass of the 
various subdivisions of earth’s crust. 

McKelvey (1960) reviewed the principal ap- 
proaches to the problem of estimating ore reserves 
and suggested a new method based on the fact that 
the tonnage of minable reserves of the well-explored 
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elements in the United States at that time was 
roughly equal to their crustal abundance times 1 
billion or times 10 billion. 

I realize that abundance figures for some of the 
elements are still unproved, that reserve figures are 
always questionable, and that the assumption of 
log-normal distribution of trace elements in the 
earth’s crust is not universally accepted. However, 
even rather large changes in abundance or reserve 
estimates will not affect the concepts discussed here. 

Table 3 combines the abundance data of Lee and 
Yao and the reserve-abundance relationship of Mc- 
Kelvey with my own attempt at calculating the total 
amounts of several metals in the earth’s crust, vari- 
ous segments of the crust, United States crust, 
United States crust to a 1-kilometer depth, and po- 
tential resources of recoverable ores. 

Study of the table permits speculation about 
the position of the United States and the world with 
respect to mineral resources. For example, one could 
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consider the total amount of an element present in 
the United States crust to a 1-kilometer depth as the 
ultimate United States resource of that element and 
portion it out by mineralogy or rock type. If an ele- 
ment tends to be lithophile, and thus occurs chiefly 
in silicate minerals, then a high percentage is prob- 
ably forever unavailable as a resource. If an element 
is sulfophile, probably a greater amount is available 
as a resource. Or one might estimate, by working 
portion it out by mineralogy or rock type. If an ele- 
ment present at various grade levels in the United 
States crust to a 1-kilometer depth. 

Table 3 shows that the most commonly sought 
metals, except lead, are more abundant in oceanic 
crust than in continental crust. This permits the 
speculation that perhaps we should make resource 
target maps showing the areas of the world where 
segments of oceanic crust are within reasonable ex- 
ploration depths. 

The part of the table showing resource potential 


TABLE 3.—Abundance, mass, reserves, and resources of some 


[Abundance in grams/metric ton (g/mt); mass and reserves in metric tons (mt). 


Total earth’s crust 


Continental 
crust segments 


Oceanic crust Continental crust Shield areas 


Element Gold- Vino- Lee and 

schmidt ® gradov 7 Yao’ Mtx10 2 5 G/mt Mtx10'22 5 G@/mt Mtx10 2 5G/mt Mtx10” 

(g/mt) (g/mt) (g/mt) 
Antimony) aos ee eee 1 0.5 0 62 14.9 0.91 8.1 0.45 6.8 0.46 4.9 
Berylligmye ses Seer 6 3.8 1.3 31.2 83 7.4 1.5 22.8 1.5 16.7 
Bismuth 222 eee eas 2 .009 -0043 l -0066 -059 -0029 -041 -003 -029 
Cobaltyys= S208 eee = FHS 40 18 25. 600 387 330 18 70 19 190 
Copper. 2228 aera 70 47 63 1,510 85 760 50 760 52 550 
Gold ~__ eee tees -001 -0043 -0035 .084 -0035 -032 -0035 -052 -0034 -035 
Lead ___ 16 16 12 290 10 90 13 200 13 -140 
Lithium __ 65 32 21 500 20 180 22 320 21 220 
Mercury __ 5 -083 -089 2.1 -11 9 .08 1.2 -078 -81 
Molybdenum 2.3 1.1 1.3 31.2 1.5 14.6 1.1 16.6 il,il 11.6 
Nickely==ae= 100 58 89 2.130 140 1,200 61 920 64 -680 
Niobium SS225- === 20 21 19 460 18 160 20 300 20 210 
‘Platinum foe ee {005i aoe -046 1.1 .075 67 028 43 -031 -30 
Seleniimie 22s == ese Se 09 05 -075 1.8 oil 89 -059 91 .054 64 
Silyer (See re oa eee 02 .07 .075 1.8 -091 82 -065 -98 -067 -70 
Tantalumpmos soe oh noe 2.1 2.5 1a 38.4 -43 8.8 2.3 34.7 2.3 3 
Levon, ss -0018 001 -00055 -013 -00088 -0078 -00036 -005 -00038 00386 
‘Thorium = 22! aaa eer See 11.5 13 5. 140 nD) 37 6.8 -100 6.6 68 
Rin y=. =~ SRN = SIT Ae 40 2.5 1.7 40.8 1.9 16.8 1.6 24 1.5 16.3 
Tungsten 1 1.3 ill 26.4 -94 8.3 1.2 18.1 1.2 12.7 
Uranium 4 2.5 1.7 40.8 1 7.8 2.2 33 2.1 22.6 
ZING ee nna ene 80 83 94 2,250 120 1.030 81 1,220 83 870 

G/mt G/mt G/mt Mtx10% G/mt Mtx10% G/mt Mtx10 45 G/mt Mtx1015 
Aluminum Seas otee SSeS 81,300 80,500 83,000 1,990 84,000 747 83,000 1,242 84,000 869 
Baa ee 65 390 9.4 370 3.3 40 6.1 400 4.3 
Chromium 83 110 2.6 160 1.4 77 1.2 81 84 
Kluorine == a ee ee 660 450 10.8 420 3.74 470 7.1 470 5 
Tron eee een 46,500 58,000 1,392 75,000 667 48,000 725 49,000 508 
Manganese 1,100 1,300 31.2 1,800 16 1,000 16.2 1,100 10.6 
Phosphorus 930 1,200 28.8 1,400 12.5 1,200 16.3 1,200 11.4 
Titanium 4,500 6,400 153.6 8,100 72.1 5,300 81.5 5,500 57.1 
Vanadium 91 140 3.36 170 1.51 120 1.85 120 1.3 

1US. Bureau Mines (1970); 1 short ton =0.91 mt. 
? Recoverable resource potential = 2.45 A X 10% (abundance A expressed in g/mt). 


3U.S. Bureau Mines (1970); 1 short ton =—0.91 mt; does not include United States reserve. 


* Recoverable resource potential 
5 U.S. Bureau Mines (1970); data on world basis. 

® Goldschmidt (1954, p. 74-75). 

7 Vinogradov (1962, p. 649-650). 

5 Lee and Yao (1970, p. 778-786). All calculations are based on this work. 
® Very high. 


=2.45 A 17.3105 (abundance A expressed in g/mt; land area of world is 17.3 times United States land area). 
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and ratio of potential to known reserves is particu- 
larly interesting and informative. The resource po- 
tential is calculated from the formula R=2.45A 105 
as explained below. The rationale for this calcula- 
tion assumes that (1) McKelvey’s relation of re- 
serves to crustal abundance is valid, (2) US. 
Bureau of Mines reserve figures are of the correct 
order of magnitude, and (3) trace elements are 
log-normally distributed in the earth’s crust. R is 
expressed in metric tons and A is expressed in grams 
per metric ton or parts per million. In the McKel- 
vey formula, R=A 10°, R is expressed in short 
tons and A in percent. 

Lead is used as the base of calculation be- 
cause known reserves of minable lead ore already 
exceed R=A10'°. Continental crustal abundance 
of lead is 13 ppm or 0.0013 percent. Substituting 
in McKelvey’s formula, RA x10, we get: 
R=0.0013 X10"°—13 10° metric tons. Known United 
States reserves of lead are 31.8X10® metric tons or 


metals in the earth’s crust and in the United States crust 


23 


2.45 times greated than Ar»<10'. This factor (2.45) 
is greater for lead than for any other commonly 
sought metal except molybdenum, which has about 
the same factor. If we use assumptions 1 and 3 
above, then currently recoverable resources of all 
trace elements should approach 2.45410°. Obvi- 
ously the 2.45 factor will increase as lead reserves 
of any other metal increase above 2.454 10°. An- 
other very simple method of calculating potential 
recoverable resource assumes that the resource 
should approach 0.01 percent of the total amount 
of each element available in the United States crust 
to a 1-kilometer depth, as shown in table 3. It is 
important to remember that the McKelvey formula 
relates crustal abundance to currently recoverable 
reserves; therefore, my use of his formula restricts 
the calculated resource potential (table 3) to iden- 
tified and undiscovered resources recoverable under 
present economic conditions. Paramarginal and sub- 
marginal resources as defined by McKelvey (1972) 


Calculations = mass (metric tons) X abundance (decimalized) = total content of element] 
Continental crust segments—Con. United States World 
United 
States Recoverable Ratio Recoverable Ratio 
Folded belts United States crust crust to Reserve ! resource of Reserve resource of 
1-km potential? potential potential * potential Grade 5 
depth to to 
reserve reserve 
8G /mt Mtx10 2 8G/mt Mtx10"% Mtx10? Mtx10 6 Mtx10® Mtx108 Mt x10 ® 
0.48 1.9 0.45 0.41 11.2 ileal 11 3.6 19 5 Unknown. 
1.6 7 1.5 4 38 3.7 50 .016 64 4,000 
-0025 012 -0029 0025 07 -007 5 -081 12 il, 
16 80 18 16 440 44 1,760 2.14 763 360 
46 210 50 45 1,230 22 1 200 2,120 10 0.86 percent. 
.017 0035 -003 -085 -0086 4.1 -011 -15 14 
13 60 13 12 330 31.8 1 -b4 550 1,000 3 percent. 
23 100 22 20 550 54 12 -78 933 1,200 
086 -39 -08 072 2.0 -20 15-6.8 11 3.4 30 
1 5 1.1 1 27 2.7 1 2 46.6 23 Unknown. 
53 240 61 55 1,500 149 830 68 2,590 38 1.5 percent. 
19 90 20 20 550 49 Unknown Unknown 848 Unknown 
-022 13 -028 -026 -71 -07 560 -009 1.2 133 
-071 27 -059 -055 1.5 14 6 -695 2.5 36 
-062 28 -065 -059 1.6 16 3.2 16 2.75 18 
ry 4 23 2.1 57.5 5.6 4,000 274 97 354 
-00031 -0016 -00036 00081 0085 -0009 ols 054 -015 J 
Tal 32 6. 6 -160 16.7 31 1 288 288 Unknown. 
1.7 atl 1.6 1.4 88 3.9 OF 5.8 68 12 0.6 percent. 
1.2 5.4 1.2 1.1 30 2.9 37 1.2 61 42 
2.3 10.4 2.2 2 55 b.4 20 .83 93 112 
77 850 81 73 2,000 198 6.3 81 3,400 42 4 percent. 
* Ratio of Ratio of 
G/mt Mtx10 G/mt MtxX1045 Mt x10 12 Mtx10° Mtx10* potential MtxX10° Mt X10 ® potential to 
to reserve reserve 
82,000 373 83,000 74.5 2,000 8.1 203,000 24,000 1,160 3,519 3,000 
390 1.8 400 37 10 30.6 980 32 76.4 17 223 
68 -36 77 -070 1.92 1.8 189 387 696 3.26 AT 
480 2.1 470 4.30 11.8 4.9 1,151 235 35 20 
4,000 Pai 48,000 43.5 1,200 1,800 118,000 65 87,000 2,035 23 
930 4.6 1,000 at) 24.9 2,450 2,450 630 42 67 
1,100 4.9 1,200 98 26.8 931 2,940 3 15,000 51 34 
5,000 24.4 5,300 4.9 1.30 25 13,000 516 117 225 2,000 
110 -55 120 11 3 115 294 2,560 10 5.1 500 


Calculation of mass of crustal segments 
241018 mt. 
8.91018 mt (27 percent of total crust). 


Total earth’s crust 

Oceanic crust ____________ 
Continental crust 
Shield areas 


cent of United States crust). 
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are not included. (See “Introduction” to this volu- 


ume. ) 
Some of the metals are listed in table 4 in order 


TABLE 4.—Ratio of potential resources to known reserves 


United States World 

Pp yeae 1 

WG) ees 1 

Cu ee eee 1.6 

Ag) pHeiee Sy 

Ap ae = 4.1 
ZTE 6.3 
Sheets 11 

Let 15 

0 a a 20 

hee sen 31 
Wiis==- =. 37 
Nie 830 
Snieseess Very high 


of increasing ratio of potential resources to known 
reserves, as shown in table 3. The ratios indicate, 
for example, that we can anticipate discovery of 
about 4 times as much minable gold ore as our pres- 
ent known reserves. Because lead was chosen as the 
base for calculating potential resources, its ratio is 
necessarily one. 

It is interesting that for the United States those 
metals whose known reserves most closely approach 
the potential recoverable resources are the metals 
most diligently sought for the longest time (lead, 
molybdenum, copper, silver, gold, zinc). Although 
uranium is a relatively recently sought metal, the 
intensity of the search for it has moved its ratio 
close to the ratio of the traditionally sought metals. 
Thus, the scheme of predicting resource potentials 
in relation to crustal abundance seems valid—if we 
search for an element hard enough, we find it in 
about the quantities we might expect. The largest 
ratios, for nickel and tin, are caused by lack of 
known favorable host rocks in the United States. 
However, the large ratios suggest that we should 
take another look for these metals in the United 
States, but perhaps in different geologic environ- 
ments from those in which we have traditionally 
looked. Commonly, the higher the ratio, the greater 
is the tendency for the element to form oxide or 
silicate minerals rather than the commonly sought 
sulfide ores. 

Those metals with intermediate ratios are those 
that have not been vital to our economy in the past, 
or whose prices are subject to great fluctuation, or 
whose past source has been chiefly as a byproduct. 
But certainly these elements must also be present 
in the crust in crudely predictable amounts. 

As we might expect, the ratios for world re- 
sources generally are much higher than United 
States ratios because many land areas of the world 


have not been intensely explored. Those few metals 
that do have lower potential ratios than the United 
States (antimony, tin, and nickel) are contained in 
old, well-known districts—the antimony of main- 
land China, the tin of Bolivia, Cornwall, and Ma- 
laysia, and the nickel of shield areas such as Canada 
and Australia. 

Data on a few of the elements listed in table 3 
deserve further comment. The tellurium ratio of 
potential resource to known reserve (0.11) indicates 
that we have 10 times more known reserves than 
predictable by R=2.45 AXx10*. Perhaps the crustal 
abundance figure is too low, but there is another, 
more important factor: most tellurium production 
comes as a byproduct of copper refining, and the 
known reserve figure for tellurium is equated with 
copper production and reserve (0.4 lb of tellurium 
per ton of copper produced). Therefore, copper ore 
that averages 0.86 percent Cu contains only 0.00017 
percent tellurium. Thus we are in the unique situa- 
tion of equating our known tellurium reserves to 
raw materials that contain only 1.7 ppm tellurium! 
Obviously rock containing 1.7 ppm tellurium, exclu- 
sive of other metals, could not be considered ore 
grade, and the relationship R=2.45 AX<10® does not 
apply. 

The same explanation holds for the low selenium 
(6) and bismuth (0.5) ratios. Selenium reserves 
also are equated with copper production (1 lb selen- 
ium per ton copper produced or about 4.3 ppm 
selenium in 0.86 percent copper ore). Bismuth re- 
serves are equated to lead reserves (about 7 lbs bis- 
muth per ton of western United States lead or 100 
ppm bismuth in 3-percent lead ore). 

Ratios that are extremely high can usually be ex- 
plained by what we already know about the geo- 
chemistry and United States distribution of that 
element. Aluminum, for example, shows a very high 
ratio of potential resource to known reserve. Alu- 
minum occurs chiefly in silicates, whereas currently 
minable aluminum ore (bauxite) is a weathering 
product and the vertical extent to which weathering 
can occur is limited. Thus much of the crust is re- 
moved from a possible resource category for alumi- 
num until we can economically recover aluminum 
from feldspar or clay. 

The high manganese ratio (2,450) results from a 
reserve figure based upon a 35-percent manganese 
concentrate produced by normal concentration 
methods. The word ‘‘normal”’ is the clue to the high 
ratio. The U.S. Bureau of Mines estimates that 
manganese deposits in the United States contain 
68 million tons of manganese, but they are low grade 
and must be considered resources. However, if the 
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68 million tons were called reserve, then the ratio 
would be reduced to about 36. 

Using the information in table 3, I have modified 
McKelvey’s original diagram relating domestic re- 
serves to crustal abundance (fig. 6). Domestic re- 
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ABUNDANCE (A) IN CONTINENTAL CRUST, IN PERCENT 


FIGURE 6.—Domestic reserves of elements compared to their 
abundance in the earth’s crust. Modified from McKelvey 
(1960). 


serves of some metals have increased and new 
element-abundance numbers for continental crust 
are available since McKelvey first published this 
diagram in 1960. Because actual reserves of lead 
and molybdenum now equal 2.7 AX10", potential 
recoverable resources of the other elements also 
should approach this line. Note that the factor is 2.7 
on this diagram and 2.45 on the table of abundance, 
mass, and reserves. This is because reserve tonnages 
on this figure are calculated in short tons to con- 
form with McKelvey’s original work. The 2.45 fac- 
tor applies for the metric system. Of course, this 
line will continue to shift as additional reserves are 
discovered, but it does give us some broad measure 
of what we might expect. 

It is a simple fact, but often overlooked, that we 
cannot expect to find reserves or resources of the 
least abundant elements in the same magnitude as 
the more abundant elements. Thus, in a crude way, 
because copper is about 20,000 times more abundant 


than gold in the earth’s crust, we can expect that 
recoverable resources of copper should be about 
20,000 times greater than recoverable resources of 
gold. This simple relationship, of course, is modified 
by the inherent geochemical nature of each element. 

If we accept the abundance-reserve relationship, 
it follows that R=2.45<10* is a minimum total re- 
source estimate because the relationship is based 
upon currently recoverable resources and does not 
include resources whose feasibility of economic re- 
covery is not established. Total resource estimates 
of an element that vary substantially from this 
formula probably are caused by geologic factors 
and the inherent geochemical nature of the element. 
However, the discovery of Carlin-type gold depos- 
its, Spor Mountain beryllium deposits, and Precam- 
brian Belt Supergroup copper deposits, all in the 
last decade, indicate that we need to critically ex- 
amine our criteria for where and how to look for 
mineral deposits. Certainly, significant mineral de- 
posits remain undiscovered because exploration 
efforts are commonly confined to the classic en- 
vironments of ore deposition. 

As analytical techniques improve, as our under- 
standing of geochemical processes improves, and as 
exploration methods improve so that we can con- 
fidently explore and examine the crust to a rea- 
sonable depth, the reserve-resource-abundance rela- 
tion should become more closely defined. Perhaps 
then we can determine whether ore deposits are 
chiefly formed by different ore-forming processes 
in a uniform crust or because of differences in 
original composition of crustal segments. 
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ABRASIVES 
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ABSTRACT OF CONCLUSIONS 


Abrasives are substances used to clean, dress, or comminute 
other substances. They are of critical importance to the 
economy of industrial nations. The principal natural ab- 
rasives are diamond, corundum, emery, garnet, tripoli, and 
silica sand, and the United States is fortunate to have iden- 
tified resources of most of them which will serve as supply 
at current rates of consumption for from 50 years to more 
than 100,000 years. The United States has no commercial 
deposits of diamond, but manufactured diamond already sat- 
isfies more than one-half of the domestic requirements. Other 
artificial abrasives, principally aluminum oxide, silicon car- 
bide, and steel shot and grit, manufactured from abundant 
raw materials, have supplanted natural abrasives in about 
90 percent of all critical applications and, together with 
“artificial” diamond, encroach on the few remaining uses for 
which the natural abrasives in shortest supply once were 
thought uniquely qualified. 


INTRODUCTION 


Abrasives are those substances that are used to 
clean or dress the surfaces of other materials, or to 


comminute other materials by abrasion and percus- 
sion. Because of their great differences in hardness, 
abrasives have many thousands of applications. 

The deliberate removal of solid material by abra- 
sive action consumes the bulk of all hard abrasives. 
This includes such diverse operations as grinding 
valve seats with abrasive-charged paste, sharpen- 
ing tool blades with appropriately shaped abrasive 
stone blocks, grinding and polishing bearing sur- 
faces on machine components with bonded granu- 
lar abrasive wheels, sandblasting inscriptions on 
tombstones, and slabbing and drilling rock with 
abrasive-charged discs, wires, and drill bits. 

The cleaning function employs abrasives softer 
than the material being cleaned to remove a sur- 
face film of foreign material with minimal damage, 
as in brushing the teeth with dentifrice, or in scour- 
ing porcelain bathroom fixtures or automobile paint 
with abrasive soap. 

Comminution can be effected by heavy abrasive 
wheels or by abrasive pebbles tumbling or cascad- 
ing in a mill. By the latter process, ores, for ex- 
ample, are reduced to the size required for their 
further metallurgical treatment, small parts are 
deburred, wheat is ground to flour, and tale and 
paint pigments are ground to the size appropriate 
for their ultimate use. 

Strictly speaking, neither sandblasting nor the 
crushing of ore by cascading pebbles of shot are 
abrasive operations, inasmuch as the action is one 
of percussion. Nevertheless, these processes are in- 
cluded here not only because both the “abrasive” 
materials and the effects are the same as though 
the operations had been accomplished by abrasive 
action, but because historically the abrasives used 
in percussive applications have not been differen- 
tiated in tables of production statistics from the 
same materials used for true abrasive purposes. 

The first applications of loose grains of quartz and 
of quartz sandstone and other naturally bonded 
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stones for abrasive purposes are lost in prehistory. 
Early in the first millennium B.C., the hard natural 
abrasives diamond, corundum, and garnet already 
were known, at least in India and Greece. By A.D. 
1500, the artificial bonding of loose natural abra- 
sive grains was introduced, first as sheets and later 
as blocks and wheels. The first bonding agent was 
shellac, the next was rubber, and in the last half 
of the 19th century. synthetic resins, metals, and 
ceramics were introduced. When powered grinding 
equipment became available about 1860, the use of 
abrasives assumed a large role in metalworking 
operations that had been accomplished previously 
by saws, chippers, shapers, lathes, and milling ma- 
chines, but the major surge in the use of abrasives 
came about 1900 with the commercial introduction 
of the first of the artificially produced hard abra- 
sive materials, aluminum oxide and silicon carbide. 
The use of steel rod and shot as pulverizers in tum- 
bling mills and of steel grit as a sandblast medium 
also was introduced about 1900. Artificial aluminum 
oxide and silicon carbide, mostly used for dressing 
metals and slabbing stone, have dominated the 
market for hard abrasives for many years and cur- 
rently account for about 90 percent of all the hard 
abrasives used in this country. 


The continued use of certain natural abrasives 
testifies to their desirable qualities as yet poorly 
matched by the artificial abrasives and to their 
lesser cost per unit of work. It is not to be expected, 
however, that those natural abrasives which still 
dominate a few specialized applications will con- 
tinue to retain their fairly exclusive use. As Coes 
(1971, p. 38) insisted. 
corundum and emery * * * [and] several other natural min- 
erals are used as abrasives although their total value is only 
a small fraction of the value of the synthetic abrasives used. 
Furthermore, their usage is highly specific. In time, exist- 
ing synthetic abrasives will probably replace all of these, but 
the economic incentive is now lacking to work out the tech- 
niques for using them * * *. To replace these natural agents 
by new synthetic materials is probably quite possible, but 
the size of the market has, so far, seemed inadequate to 
justify the necessary research. Development of such syn- 
thetics probably must wait for the exhaustion of the supply 
of natural material or a substantial increase in its cost. At 
the moment this situation does not seem imminent * * *, 

In general, the need for hard abrasives in indus- 
try in the United States is overwhelmingly satis- 
fied by synthetic, not natural, materials, and the 
trend toward lower demand for natural abrasives 
will continue. Modern technology is increasingly de- 
voted to automatic machinery operated at high 
speeds and high pressures to produce finishes of 
high precision and is, therefore, correspondingly 


dependent upon the uniformity inherent in the arti- 
ficial abrasives as well as upon their capability of 
being tailored to specific needs—characteristics not 
shared by the natural abarsives. Industry is not 
dependent upon the naturally occurring materials. 
All natural abrasives currently in use can be re- 
placed by artificial abrasives after a short change- 
over period or after minor research, should the 
need arise. Nearly all the current consumption of 
natural abrasives is dictated by tradition or by 
cost—principally by cost—and not by the unique 
qualities or the availability of the abrasives, so 
whether or not the United States has vast resources 
of the natural abrasives is largely of academic in- 
terest. The artificial abrasives, of course, are de- 
rived from natural materials, but resources of these 
materials seem to be abundant. 


THE NATURAL ABRASIVES 


The number of naturally occurring abrasive sub- 
stances commonly in use is large. These substances 
represent more than 30 different mineral species and 
of some species, many varieties. The principal hard 
natural abrasives are diamond, corundum, emery, 
and garnet. Staurolite, kyanite, sillimanite, epidote, 
andalusite, topaz, bertrandite, and other hard min- 
erals may have, or may have had, a minor and 
occasional local use. Natural abrasives of moderate 
hardness include the silica minerals, quartz (includ- 
ing quartz sand and river silt), chert, flint, jasper, 
chalcedony, tripoli, diatomite, and rottenstone; the 
feldspars; the voleanic glasses, pumice, perlite, and 
obsidian; and rocks such as basalt, granite, and 
quartzite, mostly used as grinding pebbles. A few 
of the more common abrasives of inferior hardness 
are apatite, dolomite, calcite (including chalk and 
whiting), clays, and tale. 

Not many of the natural abrasive substances are 
valuable enough to be transported long distances. 
Most are abrasives of opportunity, generally termed 
“regional” abrasives. They are consumed close to’ 
the point of production to the exclusion of other 
abrasives far more efficient but far more costly. 
Examples of some of these regional abrasives are 
quartz sand—several million tons of which is con- 
sumed annually, river silt, ground limestone, and 
ground feldspar. The resources of these materials 
relative to their local consumption are virtually 
unlimited. Only a few of the naturally occurring 
abrasives deserve individual description. These are 
the abrasives that are reputed to have certain desira- 
ble qualities and applications to specialized purposes, 
that are costly or in short supply, or that are not 
readily replaced by artificial abrasives. 
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DIAMOND 


Diamond, carbon crystallized in the cubic system, 
is the hardest natural substance known. Of all the 
diamond produced, only a small fraction is suitable 
for gemstones owing to inclusions, polycrystallinity, 
twinning, unpleasing color, or other flaws. The ma- 
terial unsuitable for gemstones is used in industry. 
Only a small portion of industrial diamond goes 
into manufactured goods such as phonograph 
needles, instrument bearings, and wire-drawing 
dies; most is used for abrasives. Pencillike tools 
for scribing or cutting glass, or for truing and 
dressing abrasive wheels, have a whole diamond 
crystal or a large fragment set into the face of the 
tool. Rock drills also have their working faces im- 
planted with diamond crystals, commonly in an 
annular pattern at the end of a steel pipe. By rotat- 
ing the pipe, a cylindrical core of rock can be cut 
from the earth for inspection. Most industrial dia- 
monds are crushed to powder and used in a slurry 
of oil or water for faceting gems—especially dia- 
mond, which can be abraded by virtually no other 
material, drilling holes in instrument bearings, or 
polishing optical parts; some are bonded to wheels 
or disks and used for such purposes as slabbing rock, 
sharpening carbide and other hardfaced tools, and 
precision-grinding hard ceramic forms to tolerances 
of a few millionths of an inch. 

Diamond abrasive is of critical importance to 
industry. Until 1955, the entire supply was im- 
ported because the United States has no commer- 
cial deposits of its own. In 1955, a commercial 
process for producing artificial industrial diamonds 
was perfected in the United States. Production in 
the United States now is in excess of 15 million 
carats annually, and it continues to rise. It is sup- 
plemented by at least three other manufacturers 
throughout the world. The drop in imports of 
natural industrial diamond by the United States has 
not yet matched the rise in production of artificial 
diamonds because of increasing industrial activity 
and the discovery of new applications for abrasive 
diamond. Imports have dropped, however, from a 
high of about 20 million carats to about 13 million 
carats (about 3 tons) annually and are expected to 
drop further as economics and the increasing capa- 
bilities of the existing and anticipated manufac- 
turers of artificial diamond allow. 

Most imported diamond comes from the Union of 
South Africa, but because a single distributing cor- 
poration markets nearly 90 percent of the world 
diamond production, the purchase of large lots of 
industrial diamond probably implies the inclusion 
of small quantities from such other diamond- 


producing countries as Angola, Congo, Rhodesia, 
Ghana, Guinea, Ivory Coast, Liberia, Sierra Leone, 
South-West Africa, Tanzania, Brazil, Guyana, In- 
dia, Indonesia, and Venezuela. Diamond is known in 
the Soviet Union in the Ural Mountains and at the 
recently discovered deposits near Yakutiya; but 
little, if any, Soviet diamond comes to the world 
market. 

Natural diamond normally occurs only in an un- 
usual type of peridotitic igneous rock known as 
kimberlite which was injected into overlying rocks 
mostly as cylindrical bodies, or “pipes,’’ from deep 
in the crust of the earth. Of several hundred pipes 
known throughout the world, only a few contain 
diamonds, and of these only a few contain diamonds 
in commercial quantity. Two kimberlite pipes are 
known near Murphreesboro, Ark. One contains un- 
economic quantities of diamond; the other, appar- 
ently, no diamond. Although diamond has been 
found in at least half the States, neither the original 
diamond-bearing pipes nor the alluvial placer con- 
centrations derived from them have been discov- 
ered. The few stones found in the North-Central 
States probably were carried south from undiscov- 
ered Canadian sources by the continental glaciers 
of the fairly recent past. 

It is at least possible that diamonds can form in 
highly metamorphosed rock; these are common in 
the Southeastern States, California, Montana, and 
elsewhere where diamonds have been found. But 
ultramafic rocks also are known in these areas, and 
kimberlite pipes cannot be ruled out as the sources 
of these diamonds simply because they have not yet 
been discovered. Usually neither the topographic 
expression of pipes nor the surface appearance of 
weathered kimberlitic material is so exceptional as 
to indicate readily the presence of pipes, and the 
pipes are easily hidden by surficial material because 
they do not cover large areas—the largest diamond 
pipe known in the world covers barely 350 acres. 
Perhaps the best way to prospect for kimberlites or 
other diamondiferous rocks is to pan stream samples 
for diamonds, which are heavy and remain in the 
concentrate, and especially to look for those other 
few heavy and unusual minerals that almost uni- 
versally accompany diamond—chrome diopside and 
pyrope garnet, together with the more common 
ilmenite. 

CORUNDUM 

Corundum is aluminum oxide crystallized in the 
hexagonal system. After diamond it is the hardest 
known natural substance. Two forms of corundum 
are common: (1) prismatic crystals which range in 
size from sugary aggregates to large crystals that 
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commonly taper from the middle toward each end 
and exhibit a pronounced transverse parting, and 
(2) large polycrystalline blocks. Corundum crystals 
normally are translucent or opaque white, gray, 
blue, red, brown, black, or green, but some are 
transparent red, pink, blue, or bluish-green, or ex- 
hibit asterism or other pleasing chatoyancy, and 
these are valued as gemstones known to the jewelry 
trade as ruby and sapphire. 

Abrasive corundum is used nearly exclusively as 
crushed, carefully sized grit and powder for finish- 
ing optical parts and for lapping and polishing 
metals. The transverse parting characteristic of 
much corundum presents to the work a sharp, chisel- 
like edge which scrapes rather than scratches the 
work and produces a smooth surface. When the abra- 
sive wears, a flake spalls off so as to expose a new 
sharp chisel edge. Probably it is this characteristic 
that encourages a continuing small demand for 
corundum despite the fact that garnet, diamond, 
artificial aluminum oxide, and other abrasives can 
successfully substitute for all the uses to which 
corundum is now put. 

About 2,000 tons of corundum is imported each 
year, and about one-tenth of this is reexported as 
prepared grinding powder. For many years the 
source of supply was Rhodesia, but political consid- 
erations in mid-1968 cut off this supply, encourag- 
ing many users of corundum to convert immedi- 
ately —and probably permanently —to artificial 
abrasives. South Africa has become the new source. 
It is perhaps a measure of the relative unimportance 
of corundum in our economy that the long-term 
Rhodesian source was cut off only a few months 
before the U.S. Government removed corundum 
from the list of strategic materials and offered for 
sale the last 2,000 tons of corundum in the strategic 
stockpile. 

The United States has no reserves of corundum, 
and the resources are poorly known. Not much more 
than 10,000 tons was produced between 1870 and 
1906; none has been produced since that time ex- 
cept for small test lots during the World Wars. 
Probably the one area in the United States con- 
taining the largest amount of potential corundum 
ore is that area embracing Clay, Macon, and Jack- 
son Counties, N.C., and Towns and Rabun Counties, 
Ga., although corundum also is known in all of the 
Appalachian States, from Maine to Alabama, and 
in a few places in California, Montana, and Idaho. 

Deposits of corundum in the contact zone between 
peridotitic intrusive rocks and enclosing highly 
aluminous metamorphic rocks, especially those in 
Georgia and North Carolina, were the principal 


source of corundum in the United States. The gene- 
sis of these deposits has been debated by geologists 
for many years. Corundum also is a constituent of 
placer deposits and of more than 20 kinds of igne- 
ous rocks, including granite pegmatite, nepheline 
syenite, anorthosite, and gabbro. In some gneisses 
and schists, corundum makes up from 5 to 60 per- 
cent of the material in zones that range from a few 
inches to several tens of feet in width and that may 
extend several miles, although no such concentra- 
tion currently represents an economic deposit. Pan- 
ning would seem to be the method of choice for 
prospecting, and although perhaps not applicable 
to deposits in the United States, prospectors should 
be aware that peridotites rich in chromite generally 
contain no corundum, whereas those without chro- 
mite may. 


EMERY 


Emery is a gray to black granular material con- 
sisting of corundum and magnetite with admixed 
spinel, hematite, garnet, and other minerals. The 
proportion of some constituents ranges widely; 
some specimens are nearly pure corundum, others 
nearly pure magnetite, and still others nearly pure 
spinel. 

Synthetic abrasives have reduced the formerly 
multiple uses of emery to two. About 3 percent cur- 
rently is made into coated abrasive sheets; the rest 
is used in nonskid pavements and stair treads. The 
true emery wheel has now become an antique curi- 
osity. Only custom and economics encourage the 
continued use of emery because manufactured alu- 
minum oxide grain probably would be superior for 
the same applications. Even granular magnetite, 
hematite, spinel, or garnet may substitute ade- 
quately, as indeed they probably have, judging 
from reported variations in the mineral content of 
emery ore used in the past. 

Emery deposits are known in New York, Massa- 
chusetts, Virginia, North Carolina, and Pennsyl- 
vania. Those in New York, a group of deposits 
about 314 mi southeast of Peekskill and concen- 
trated within an area of about 1 square mile, prob- 
ably represent the largest single source in the United 
States. The U.S. Bureau of Mines estimated reserves 
of these deposits in 1955 at 60,000 tons, but since 
then the entire U.S. production of about 150,000 
tons has been from these deposits and production 
continues from a single mine at an annual rate of 
5-10 thousand tons. The extent of surface openings 
indicates that, with full development and the accom- 
modation of several grades of ore, these deposits 
may well be capable of producing more than 10,000 
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tons per foot of depth to depths of many hundreds 
of feet. Overseas supplies have come from Greece 
and Turkey at an annual rate of from a few hundred 
tons to about 2,000 tons. Reserves in these countries 
aggregate 5-10 million tons and the resources prob- 
ably amount to many millions of tons. Large depos- 
its of emery are known in the Soviet Union, but 
this emery does not enter world trade. 

Emery deposits in Greece and Turkey occur as 
pods and lenses in metamorphosed limestone; those 
in the United States are in the margins of mafic 
intrusive rocks which are in contact with alumi- 
nous country rock. All probably result from contact- 
metamorphic processes, although geologic contro- 
versy very similar to that involving corundum 
deposits also has accompanied the study of deposits 
of emery. 


GARNET 


Garnet is the term applied to about 15 varieties 
of a complex silicate mineral which crystallizes in 
the cubic system, generally as rhombic dodecahedra. 
This form is nearly spherical and gave rise to the 
name garnet, derived from the Latin “granatus,” 
meaning grainlike or seedlike. Common commer- 
cial garnet is almost entirely the variety almandite, 
a dark-red to dark-brownish-red iron aluminum 
silicate. 

Garnet currently has three major uses as an abra- 
sive. (1) About 45 percent is used as a sandblast 
medium to clean an impart a textured surface to 
both ferrous and nonferrous metals in the shipbuild- 
ing, aircraft, and automotive industries, and to a 
much lesser extent for such other manufactures as 
home appliances, stone, and artworks. The tough 
round alluvial garnet crystals impart a pleasing 
work-hardened matte surface to these materials. 
(2) About 35 percent is used as crushed grit and 
powder to grind and polish lenses and other optical 
parts, to surface semiconductor materials, and to 
accomplish the intermediate grinding in the finish- 
ing of plate glass. The recent advent of the Pilking- 
ton, or “float,” process of plate-glass manufacture, 
whereby a ribbon of hot glass is drawn across a bed 
of molten tin resulting in a finished surface of plate- 
glass quality, will probably reduce substantially the 
future demand for crushed and sized garnet grit for 


glass-grinding purposes, currently about 4,000 tons- 


per year. (3) About 20 percent is crushed and made 
into abrasive sheets. In this form it is used to dress 
rubber, plastics, leather, soft metals, and wood. 
The use of garnet as an abrasive is almost en- 
tirely American; more than 95 percent of the garnet 
produced in the world is produced in the United 


States, and more than 80 percent is consumed here. 
Yet there are only two producing mines of conse- 
quence, and total annual production is only about 
20,000 tons. Spain, Portugal, India, and Canada 
have produced small quantities very occasionally. 

The garnet from New York State has an unusual 
structure, a closely spaced lamellar parting ordi- 
narily not developed in garnet, that results in 
chisel-edged granules when the garnet is crushed, 
which scrape the work surface rather than scratch 
it. This property makes the garnet similar to corun- 
dum, for which it commonly substitutes. This gar- 
net is unmatched as a tool for surfacing furniture 
woods or soft metals, or for skiving leather and 
rubber, and its use for grinding glass results in 
fewer scratches and a lower rejection rate than 
does use of other abrasives. Yet, garnet has no ap- 
plication in which it cannot be replaced by other 
appropriately prepared and adapted abrasives, rang- 
ing from sand, glass beads, and steel grit for sand- 
blasting, to diamond powder for finishing optical 
parts. A continuing, even moderately increasing, 
use of garnet is probable, subject nearly entirely 
to changes in economics and technology. 

Garnet, as a source of commercial abrasives, oc- 
curs almost exclusively in metamorphic rocks and 
in placer deposits derived from them. Garnet-rich 
zones in gneisses and schists may contain 4—60 per- 
cent garnet, may be several hundreds of feet wide, 
and may extend for many miles. Many placers con- 
tain as much as 20 percent garnet, and very few 
beach, dune, glacial, and stream deposits through- 
out the world do not contain from a fraction of a 
percent to a few percent of garnet. The garnet easily 
could be saved by any of several simple mechanical 
or electrical methods of extraction, but it almost 
never is; large quantities of garnet are lost every 
day in the production of sand and gravel from these 
deposits for other purposes. Garnet deposits have 
been reported in more than half the States—all the 
States west of the Great Plains—and the Appala- 
chian States from Maine to Georgia. The alluvial 
sandblast garnet recovered from Idaho comes from 
a single placer deposit estimated to contain 500,000 
tons of recoverable garnet. There are unmined 
placers in the Western States, and perhaps some 
undiscovered placers. The garnet with the lamellar 
parting currently being mined from a coarsely 
crystalline gneiss at North Creek, N.Y., is in a de- 
posit which if fully developed could produce more 
than 7,000 tons of garnet per foot of depth to a 
depth perhaps in excess of 1,000 feet. Several other 
deposits of garnet with lamellar partings are re- 
ported elsewhere in northern New York, in New 
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Hampshire, and in North Carolina. Those in North 
Carolina apparently are very large. Nonlamellar 
garnet also is common in metamorphic rocks and 
in placer deposits in the Eastern States, particularly 
in the Adirondak Mountains of New York State. 
Many of these deposits have been little prospected, 
and the resources are not well known, but it is 
certain that each of a reasonably large number of 
deposits contains from half a million to many mil- 
lions of tons of garnet. Overseas resources of garnet 
are unknown, inasmuch as garnet is little used out- 
side the United States. 


SILICA SAND 

Silica sand, both crushed and uncrushed, is used 
in large quantities; one-half million tons is used in 
this country annually for grinding stone and glass, 
and more than a million tons for sandblast purposes. 
It is, or could be, produced in each of the 50 States 
by nearly any of the more than 5,000 producers of 
sand and gravel currently operating. Resources are 
large. (See chapter “‘Silica.”’) 


TRIPOLI 

Tripoli is fine-grained silica which remains as a 
bedded residuum of the weathering of siliceous lime- 
stone. It is roughly similar in characteristics and 
uses to rottenstone, mined in Pennsylvania from 
weathered siliceous shale, and to diatomite, bedded 
deposits of the siliceous remains of marine micro- 
organisms. A combined total of about 40,000 tons 
of these materials is consumed each year as abra- 
sives, mostly in scouring soaps and powders and in 
-metal- and lacquer-polishing pastes. Large deposits 
of tripoli are known in Illinois, Missouri, Oklahoma, 
Tennessee, Georgia, Alabama, Arkansas, California, 
Texas, and Nevada. Deposits of diatomite are known 
in several Western States. (See chapter “Diato- 
mite.”’) 


THE ARTIFICIAL ABRASIVES 


After the commercial introduction of artificial 
abrasives about 1900, the industry became almost 
immediately dominated by these products. The domi- 
nance is increasing even today. Aluminum oxide in 
particular found its principal application, among a 
host of other applications, in the rough grinding of 
ferrous metals, an operation formerly accomplished 
slowly and expensively by metalworking machinery. 
Nearly all subsequent research on artificial abra- 
sives has been directed to the discovery of an abra- 
sive even more efficient than aluminum oxide for 
grinding ferrous metals. None has been found, al- 
though large families of carbides, borides, nitrides, 
silicides, oxides, and even a few artificial silicates 


have been tried. A few abrasives useful for other 
purposes have been discovered, and reséarch con- 
tinues. 

Artificial diamond, as discussed above, was first 
produced in 1955. It is manufactured from a mix- 
ture of graphite and a catalyst of iron, manganese, 
chromium, cobalt, nickel, or other metal under con- 
ditions of high temperature and pressure, typically 
3,000°C., 70,000 bars of pressure, and several hours 
of time. Although available for less than 20 years, 
artificial diamond already infringes seriously on the 
market for natural industrial diamond, all of which 
must be imported. This trend is expected to accel- 
erate in the years ahead. Artificial diamond itself 
may one day be challenged as an abrasive because 
artificial cubic boron nitride, invented in 1957 and 
manufactured in much the same way as diamond, 
has been demonstrated in grinding tests to abrade 
diamond as rapidly as does diamond. It also has the 
advantage of remaining stable at high temperatures, 
whereas diamond tends to revert to graphite at the 
temperatures often reached at the grinding surface, 
resulting in rapid ablation of the diamond in the 
abrasive wheel. Diamond also is difficult to incor- 
porate in ceramic-bonded wheels because of high- 
temperature effects. 

Artificial aluminum oxide, chemically but not 
physically identical with corundum, is manufac- 
tured by fusing or sintering bauxite or intermediate 
products in an electric furnace. Annual production 
is more than 200,000 tons and requires about 
320,000 tons of bauxite, or about 2 percent of the 
annual consumption of bauxite in the United States. 
Ten to fifteen percent goes into nonabrasive appli- 
cations, mostly refractory products. New tech- 
niques over the years have lowered the required 
alumina content of the furnace charge, previously 
60 percent, to less than 50 percent, and further 
technological changes are expected soon to allow 
alumina contents of only 35 percent, making avail- 
able vast resources of syenitic and other aluminous 
rock for this purpose. 

Commercial production of silicon carbide is ac- 
complished by the reaction of a mixture of silica 
sand and coke, preferably petroleum coke, in an 
electric furnace. The principal abrasive use of sili- 
con carbide is in the wire sawing of stone, but the 
abrasive successfully substitutes in many operations 
to which hard natural abrasives also are put, in- 
cluding the skiving of rubber and leather, and it is 
the leading abrasive in the dressing of nonferrous 
metals. Nearly 200,000 tons of silicon carbide is 
produced each year in the United States, about half 
of which is used as an abrasive. Refractory appli- 
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cations require most of the rest. 

Steel, as shot and grit, is used extensively as a 
sandblast medium and as pebbles in tumbling mills. 
More than 200,000 tons is produced for these pur- 
poses each year. This-amount requires the furnace 
reduction of about 400,000 tons of iron ore. 

Other artificial abrasives are manufactured in 
relatively small amounts. Many are furnace prod- 
ucts and are made in much the same manner as 
aluminum oxide and silicon carbide. Among these 
are zirconium oxide, cerium and other rare earth 
oxides, and rouge and crocus (iron oxide for polish- 
ing). Others are precipitates from aqueous solutions 
and several of these, including calcium carbonate 
and silica, duplicte the naturally occurring minerals 
and are used for the same purposes. 


POTENTIAL RESOURCES 


Resources of the several abrasive materials in the 
United States range from the infiinitesimal to quan- 
tities which for practical purposes approach the 
infinite. There are no known diamond deposits and 
little prospect of discovering any, but deposits of 
silica sand are literally underfoot in many parts of 
the country. The size of deposits of other abrasives 
lies between these extremes. 

Table 5 gives estimated tonnages for each of the 


TABLE 5.—Resources, in short tons, of abrasive materials in 
the United States 


Identified resources ! 


Commodity (including reserves?) Hypothetical resources ? 
Diamond =2-====—= 0 0 
Corundum _-_------ 125,000 >2,000,000 
lira as ee 3,000,000 >4,000,000 
Gig a 14,000,000 >100,000,000 
Triopli (and related 

materials) __---- 4,500,000,000 >10,000,000,000 
Silica sand —=-----— Large Large 


1JTdentified resources: specific, identified mineral deposits that may 
or may not be evaluated as to extent and grade, and whose contained 
Minerals may or may not be profitably recoverable with existing tech- 
nology and economic conditions. 

2 Reserves: identified deposits from which minerals can be extracted 
profitably with existing technology and under present economic conditions. 

3 Hypothetical resources: undiscovered mineral deposits, whether of 
recoverable or subeconomic grade, that are geologically predictable as 
existing in known districts. 


more significant abrasive materials occurring in the 
United States. Estimates of identified resources are 
based on the general premise that a tabular deposit, 


one with great length and depth relative to its width, 
should conservatively produce ore from a volume of 
rock that is six times the volume of an equidimen- 
sional quarry opened to the full width of the deposit. 
Most corundum and garnet and much emery char- 
acteristically occur as concentrations within lenticu- 
lar zones in metamorphic rocks having these dimen- 
sions. Podlike deposits such as those formed mar- 
ginal to intrusive bodies are estimated to produce 
ore to a depth equivalent to the longest surface 
dimension of an individual ore body of average size. 
Bedded deposits are estimated to produce half as 
much ore as is indicated by the lateral limits and 
the average thickness known from extensive out- 
crop, drill, or mining exploration. 

The apparent large quantities of identified and 
hypothetical resources of the several abrasive ma- 
terials relative to their annual consumption makes 
an estimation of tonnages of speculative resources 
superfluous. 
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ABSTRACT. OF CONCLUSIONS 


Imports of bauxite and alumina, mainly from Jamaica, 
Surinam, and Australia, supply approximately 87 percent of 
the United States requirements for manufacture of alumi- 


num metal and certain refractories, abrasives, and chemicals. 
Bauxite mined in Arkansas, Georgia, and Alabama supplies 
the remaining 13 percent. Barring unforeseen political de- 
velopments, the growing requirements of the aluminum in- 
dustry in the United States will be met by imports of in- 
creasing amounts of aluminum metal and alumina rather 
than bauxite ore. 

Domestie resources of bauxite—approximately 40 million 
tons reserves and 250-300 million tons potential resources— 
are inadequate to fulfill the long-term demand; however, the 
Nation has virtually inexhaustible potential resources of 
aluminous materials other than bauxite. High-alumina clays 
now seem the most promising of the potential alternate 
sources of aluminum. Dawsonite in the rich oil-shale deposits 
of Colorado is a possible source of aluminum that may be a 
recoverable byproduct of shale oil. Alunite, reportedly found 
in a large deposit in Utah, may be a possible source of 
aluminum and other products. Other less promising poten- 
tial resources include aluminous shale and slate, aluminum 
phosphate rock, igneous rocks, saprolite, coal ash, and copper- 
leach solutions. 

Exploration for major high-grade bauxite deposits should 
continue. Favorable areas for exploration include parts of 
South America, Africa, Asia, and Australia. Use of improved 
analytical tools, such as the borehole neutron activation 
probe, could speed up exploration for new deposits and 
evaluation of known deposits. Geologic research is also 
needed on the nonbauxite sources of aluminum in the United 
States, inasmuch as the detailed geologic information avail- 
able on the potential resources is inadequate. 


INTRODUCTION 


Aluminum is a silvery white ductile lightweight 
(specific gravity of 2.7) metal having efficient elec- 
trical conductivity and resistance to oxidation. Be- 
cause of its properties, abundance, and low cost, 
aluminum has become one of the most important 
metals in industry; only iron surpasses it in ton- 
nages used. Major uses of the metal are in the con- 
struction industry and in the manufacture of air- 
craft, motor vehicles, electrical equipment and 
supplies, fabricated metal products, machinery, 
beverage cans, containers, and a wide variety of 
home-consumer products. Aluminum is essential to 
our standard of living and is a strategic commodity 
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for military defense. Plastics, wood, and other 
metals including copper, steel, lead, zinc, magnesium, 
and titanium could be substituted for some of the 
uses for aluminum. However none of these materials 
has all the properties of aluminum, and none offers 
much market competition for aluminum, except for 
a few specialized uses. Both alumina (the oxide of 
aluminum, Al,0;) and bauxite (the major ore of 
aluminum) are used in the manufacture of refrac- 
tories, abrasives, and chemicals. 

Bauxite is a complex impure mixture of alumi- 
nous minerals, chiefly aluminum hydroxides. Alu- 
mina content of most bauxites ranges from 35 to 
50 percent; the common impurities are quartz, kao- 
linite, and iron-oxide-bearing minerals. Bauxite 
ores, of which there are several types, are classified 
by mineral content, occurrence, use, and source. In 
recent years, about 88 percent of the bauxite and 
alumina consumed in the United States was used in 
making metal, 4 percent in refractories, 6 percent 
in chemical and related uses, and 2 percent in abra- 
sives. 

Aluminum metal is made by extracting alumina 
from bauxite by the Bayer process and by reducing 
this oxide to metal electrolytically. In the Bayer 
process, bauxite is leached under pressure and heat 
by a caustic solution which converts the ore to a 
solution of sodium aluminate and red mud waste. 
From this solution, hydrated aluminum oxide is 
precipitated, washed, and calcined to obtain alu- 
mina. This alumina is then reduced to the metal by 
electrolysis of a hot molten solution of alumina and 
crolite, Na,AlF,. Metallurgical-grade bauxite ranges 
from 35 to 55 percent Al.O;. Depending on grade 
and type of ore, between 4.7 and 7 short tons of 
bauxite are required to produce 2 tons of alumina, 
and 2 tons of this oxide are required to make 1 ton 
of aluminum metal. 

Bauxite used for manufacture of abrasives, re- 
fractories, and chemicals must meet more restrictive 
specifications as to aluminum, silicon, iron, and 
titanium contents than does metallurgical bauxite 
(table 6). Although the amount of bauxite used for 
purposes other than metal production is relatively 


TABLE 6.—Specifications, in percent, for abrasive, chemical, 
and refractory grades of bauxite* 


Grade Al2Os SiOz FeOs TiOz 
Dried: 
Abrasive --_._ Min 55 Max 5 Max 6 Min 2.5 
Chemical ____ Min 55-58 > Max 5-12 Maxe2i et) ih) = Se ssess5 
Refractory -_ Min 59-61 Max 15-5.5 Max 2 Min 2.5 
Calcined __-___ 85-90 3-6 5-7.0 3-4 


1 Modified from Stamper (1970, p. 440) 
*A major portion of the bauxite used by the U.S. chemical industry 
exceeds 15 percent SiOz. 


] small, these uses are of major importance to indus- 


try. For example, only 2 percent of U.S. bauxite 
consumption is used to manufacture aluminum 
oxide abrasives; yet this represents about half of 
all production of artificial abrasives and more than 
five times the total production of natural abrasives. 

The United States is dependent mostly on imports 
for its bauxite and alumina requirements. Exclud- 
ing trade in alumina metal, the United States in 
1971 produced about 2 million long dry tons of 
bauxite, imported 13.7 million long tons of bauxite 
and 2.3 million short tons of alumina, and exported 
30,000 tons of bauxite, and 1.1 million tons of alu- 
mina. In that year, the United States consumed the 
equivalent of approximately 27 percent of the world 
production of bauxite and produced domestically 
only 12.5 percent of its requirements. Between 1967 
and 1970, imports of bauxite were from Jamaica 
(59 percent), Surinam (24 percent), and other 
countries (17 percent). Alumina imports during the ~ 
same period came from Australia (52 percent), 
Surinam (24 percent), Jamaica (18 percent), and 
other countries (6 percent). 


UNITED STATES AND WORLD 
BAUXITE PRODUCTION 


Aluminum was extracted from bauxite in both 
France and England in the middle of the 19th 
century, but less than 50 tons of metal had been 
produced by 1885. Production increased at a rapid 
rate in the late 1800’s; the yearly world demand for 
bauxite, however, did not reach 1 million tons until 
1917, during World War I. World production of 
bauxite dropped sharply after the war and reached 
a low of 334,000 tons in 1921. A little more than 1 
million tons was produced in 1928, and a yearly 
production of 2 million tons was first reached in 
1929. World production again dropped in the de- 
pression years of the early 1930’s (fig. 7) but recov- 
ered in the last half of the decade and reached a 
sharp peak of more than 13 million tons in 1943. 
Production again slumped sharply after World 
War II as the economy changed to peacetime condi- 
tions and accumulated stocks were consumed. After 
recovering from this slump, world production 
reached 11 million tons in 1951 and has since re- 
mained on a sharply increasing trend, reaching 57 
million tons in 1970. 

Domestic production, including the World War I 
peak, remained below 1 million tons annually until 
very intensive mining was started in 1942 to meet 
World War II requirements; a record production 
of 6.2 million tons was reached in 1943 (fig. 7). 
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FIGURE 7.—United States production and imports and world 
production of bauxite, 1928-71 (1971 world production 
is inferred), compiled from U.S. Bureau of Mines Minerals 
Yearbooks and statistical data. 


Since that war, production has remained between 
1 and a little more than 2 million tons a year. 

The Arkansas district has produced more bauxite 
than all other districts in the United States com- 
bined. About 64 million tons was produced in Arkan- 
sas from 1896 through 1971. Production in all 
Southeastern States from 1889 through 1971 
amounted to only 3.6 million tons, dry basis. 


BYPRODUCTS 


A few metals and other byproducts are recovered 
in making aluminum. Gallium is recovered from 
Arkansas bauxite by one company and from bauxite 
in Hungary. Pig iron is produced from bauxite proc- 
essed by the Pedersen method in Norway. Vanadium 
has been recovered from bauxite in France. Vana- 
dium and chromium were produced from bauxite in 
Germany during World War II. Red mud, the waste 
product from the Bayer process, has been used as 
a soil conditioner to neutralize acid soils in Arkan- 
sas and as a red pigment in foreign countries. Phos- 
phate and portland cement are coproducts of alu- 
mina recovered from nepheline syenite in the 
U.S.S.R. Some bauxite resources in the United 
States and large bauxite deposits elsewhere in the 
world contain substantial amounts of titanium. Al- 
though there has been considerable research on 
recovery of titanium from bauxites, its extraction 
has not yet proved to be profitable. 


ENVIRONMENTAL CONSIDERATIONS 


Like the other mineral and metal industries, the 
aluminum industry faces serious environmental 


problems. Those related to mining are primarily the 
reclamation of strip-mined land and the contamina- 
tion of streams by sediment. Those related to recov- 
ery and use include (1) disposal of red-mud waste 
from alumina plants, (2) control of atmospheric 
contamination by dust and fumes containing fluor- 
ides, and surface-water contamination from electro- 
lytic plants, (3) the control of sulfur in fuel for the 
generation of electricity, and (4) disposal and re- 
cycling of used metal. The industry is making sig- 
nificant progress on environmental problems, though 
improvements are still to be made. The reclamation 
of recently mined lands is efficient. In most plants, 
scrubbers are in operation to clean up gaseous efflu- 
ents, monitoring systems are installed to check their 
continued efficiency, and water is treated to control 
toxicants. However, the big problem of disposal or 
profitable use of red mud remains without a satis- 
factory solution, and much improvement in the re- 
cycling of waste metal is needed. In 1970, approxi- 
mately 3 billion aluminum beer- and soft-drink cans 
were made from 57,000 tons of aluminum. In that 
year, approximately 10 percent of the cans were 
recycled, and there was a modest increase the fol- 
lowing year. Even if this marks the beginning of a 
trend, the problem of beer- and soft-drink-can litter 
control and disposal or reuse remains a monumental 
one. 


GEOLOGIC ENVIRONMENT OF BAUXITE 


Aluminum, surpassed in abundance only by oxy- 
gen and silicon in the crust of the earth, is a major 


| constituent in many types of rocks. It occurs in 


nature only in combination with other elements— 
mostly with silicate minerals, the remainder with 
other compounds. Aluminum combined with oxygen 
and hydrogen makes up the minerals in bauxite 
deposits, and this is the form most commonly mined 
for metal. The principal minerals in bauxite are 
gibbsite, Al(OH);; boehmite, AlIO(OH); and dia- 
spore, which has the same composition as boehmite 
but is denser and harder. Gibbsitic bauxites are 
designated the trihydrate type; boehmite- and 
diaspore-bearing bauxites are the monohydrate type. 
Trihydrate bauxites that have a low silica content 
(or low reactive-silica content) are the cheapest to 
process by the Bayer method. The extraction of 
alumina from monohydrate and mixed monohydrate- 
trihydrate bauxites is more costly because higher 
temperatures and pressures and additional amounts 
of caustic soda are required. Lower metallurgical 
costs make it possible to utilize trihydrate bauxite 
of lower grade than the other types. 
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Most of the bauxite deposits in the United States 
are composed chiefly of gibbsite; the principal im- 
purity is kaolinite, (OH).Si,Al,0.. Jamaican 
bauxite, the leading source of our imports, is 
chiefly gibbsite but also contains some boehmite. 
Most deposits in Europe and several in Asia are 
composed chiefly of boehmite. Minor quantities of 
diaspore are present in several bauxite deposits in 
foreign countries and occur in refractory-clay de- 
posits in Missouri and Pennsylvania. 

Bauxite minerals are formed mostly by weather- 
ing of aluminous rocks. Various deposits of bauxite 
in different parts of the world are known to have 
formed from virtually every type of rock that con- 
tains aluminum. Conditions favorable for the for- 
mation of bauxite are (1) warm tropical climate, 
(2) abundant rainfall, (3) aluminous parent rocks 
having high permeability and good subsurface 
drainage, and (4) long periods of tectonic stability 
that permit deep weathering and preservation of 
land surfaces. During weathering, the bauxite be- 
comes enriched in aluminum by removal of most 
of the other elements in the parent rocks mainly by 
solution by subsurface water. Because of chemical 
weathering and removal of essential plant nutrients, 
soils developed on bauxite deposits commonly sup- 
port a cover of undernourished, dwarfed vegetation. 

Useful guides in exploration for surficial bauxite 
are the recognition of old land surfaces and dwarfed 
vegetation; such guides led to the discovery of the 
bauxite deposits in Oregon and Hawaii, as well as 
several very large deposits in other parts of the 
world. 

Several types of bauxite deposits occur in the 
United States. The major deposits in the Arkansas 
region are of Eocene age, and they were formed by 
weathering of nepheline syenite (Gordon and others, 
1958). Some deposits in this region are residual on 
the igneous rock; others have been transported and 
are interlayered with marine shale that was depos- 
ited in a sea that overlapped the syenite. The iron- 
and titanium-bearing low-grade bauxites (table 7) 
in Washington (Livingston, 1966), Oregon (Cor- 
coran and Libbey, 1956), and Hawaii (Patterson, 
1971) were formed from basalt lava flows. These 
deposits are of the laterite type and have origins 
similar to the very large deposits occurring in thick 
residual soils in several tropical areas. The deposits 
in Washington and Oregon occur on flows of prob- 
able middle Miocene age, and the bauxite is thought 
to have formed chiefly in late Miocene time. Those 
in Hawaii formed mainly during the Pleistocene 
Epoch. Some bauxite deposits in the Appalachian 
region occur in areas of karst topography, and ap- 


parently they formed by leaching of fine-grained 
aluminous materials that accumulated in sink holes. 
These deposits are thought to be early Tertiary in 
age. 


TABLE 7.—Chemical composition, in percent, of bauxite re- 
sources in the United States 


Loss on 
Al203 SiO» Fe203 TiO2 ignition 
Arkansas! 22-2555 25> 40-60 1->20 3->6 1-3 15-35 
Oregon!) 35.0 6.7 31.5 6.5 20.2 
Washington! ~_____ 38.8 6.6 28:7 4.2 21.7 
Kauai, Hawaii! --_ 25.9 4.7 39.4 6.7 20-23 
1 Average of several analyses. 
RESOURCES 


BAUXITE RESOURCES 


Compared with world resources of metallurgical- 
grade bauxite, the United States reserves and po- 
tential resources are very limited. The domestic 
reserves, which are in beds 8 or more feet thick in 
Arkansas, amount to approximately 40 million tons. 
Potential resources of metallurgical bauxite in the 
laterite deposits in Hawaii, Washington, and Ore- 
gon, and thin, deeply buried deposits in Arkansas, 
amount to 250 to 300 million tons. Some of the de- 
posits in Washington and Oregon are as rich in 
alumina as bauxite mined in some countries, but it 
has not been established that alumina can be ex- 
tracted profitably from this bauxite. With the de- 
velopment of a process of profitable extraction, as 
much as 100 million tons could be shifted from con- 
ditional resources to the reserve category, thereby 
increasing the reserves to 140 million tons. But even 
with this larger figure, the United States would 
have only about 1 percent of the world’s bauxite 
reserves. 

World bauxite reserves were estimated in 1965 
by Patterson (1967) to be 5.8 billion tons and po- 
tential resources to be 9.6 billion tons. Since this 
estimate was made, very large deposits have been 
discovered in several countries, and trihydrate 
bauxite containing as little as 35 percent Al.O; is 
now mined in Australia and elsewhere. As the result 
of the use of lower grade bauxite, much of that 
considered to be potential resources in 1965 now 
should be classified as reserves. The total world 
bauxite reserves are now probably 12-15 billion 
tons. Lack of reliable data precludes estimating 
potential bauxite resources, but these resources are 
undoubtedly much larger than the 1965 estimate. 

It is unlikely that new large deposits of metal- 
lurgical-grade bauxite will be discovered in the 
United States. Elsewhere, however, there are large 
unexplored areas in South America, Africa, Asia, 
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and Australia that seem favorable for discovery of 
major new deposits of metallurgical-grade bauxite. 

Reserves of bauxite for abrasives, refractories, 
and chemicals in the United States are approxi- 
mately 5 million tons, and potential resources are 
about 25 million tons. These deposits are in Arkan- 
sas (Gordon and others, 1958) and in many small 
districts scattered throughout the Appalachian re- 
gion and the Coastal Plain in Southeastern United 
States (Overstreet, 1964). Chemical-grade bauxite 
is mined in Arkansas; Andersonville, Ga.; and the 
northwest Georgia districts. Refractory-grade baux- 
ite is mined in Arkansas and in the districts at 
Eufaula, Ala., and Andersonville, Ga. Small quanti- 
ties of refractory-grade bauxite are occasionally 
mined where lenses of bauxite are found during 
mining of kaolin in the extensive kaolin belt of 
Georgia. Much of the refractory-grade bauxite pro- 
duced domestically is used for mullite-type refrac- 
tory products because of its high silica content, and 
demand for such material is increasing. Abrasive- 
grade bauxite has been produced in the Arkansas 
district, but now most of it is imported in calcined 
form from Guyana and Surinam. 

Guyana and Surinam are now the principal 
sources of high-grade refractory bauxite for most 
of the world. During the period of 1966-70, the 
United States imported yearly from 145,000 to 
237,000 long tons of bauxite, mainly for uses other 
than metal, from Guyana (Kurtz, 1971, p. 6) and 
from 16,000 to 48,000 long tons from Surinam. 
Some calcined abrasive-grade bauxite has been re- 
cently imported from the Weipa district in Aus- 
tralia, and calcined bauxite is reported to be avail- 
able in the Republic of Guinea; however, the long- 
range potential of these sources is not yet clear. 

In the United States, possibilities remain for 
finding additional small deposits of bauxite for re- 
fractory and chemical uses in Arkansas and the 
Southeastern States. Such deposits are likely to be 
high in silica, and some will be deeply buried, but 
the search for these hypothetical deposits may be- 
come more profitable as domestic supplies diminish. 
Suggested areas for exploration are (1) beneath 
considerable cover downdip from the nepheline 
syenite body on which the Arkansas deposits were 
formed (Jespersen, 1964), and (2) in scattered 
areas in the southern Appalachian region, where 
sinkholes are abundant. 


OTHER POTENTIAL RESOURCES OF ALUMINUM 


Potential resources of aluminum other than baux- 
ite comprise a variety of rocks and minerals, includ- 
ing alunite, aluminous shale and slate, aluminum 


phosphate rock, dawsonite, high-alumina clays, 
nepheline syenite, anorthosite, saprolite, coal ash, 
and aluminum-bearing copper-leach solutions. Alu- 
nite and nepheline syenite are being mined today in 
the U.S.S.R. for alumina and other products. Else- 
where in the world several of these resources have 
been investigated in considerable detail, but they 
are not mined because bauxite is available. The po- 
tential aluminum resources in the United States 
collectively amount to many billions of tons and are 
virtually inexhaustible. Their use will depend largely 
on costs of imported bauxite, alumina, and aluminum 
and on advances in technology that will make them 
competitive with imports. The United States could 
become self-sufficient in aluminum now if a profit 
in its production were not required. 


ALUNITE 


Alunite, KAI,(SO,)2(OH)., a white mineral con- 
taining 37 percent alumina, commonly occurs in 
veins, replacement bodies, and in disseminated form 
in altered voleanic rocks. The mineral has potential 
value for potash and sulfur as well as aluminum. 
Alunite is a present source of aluminum in the 
U.S.S.R., and an alunite processing plant is re- 
portedly under construction in Mexico. In the United 
States, alunite was investigated through the pilot- 
plant stage as an emergency source of aluminum 
during World War II. 

Recently, alunite deposits near Cedar City, Beaver 
County, Utah, were explored by two companies 
(Engineering and Mining Journal, 1971). The de- 
posits are on lands under Federal potash permits in 
the Wah Wah Mountains. Four zones of alunitized 
Tertiary volcanic rocks, each more than 100 million 
tons of rock, have been reportedly found by exten- 
sive drilling. The deposits are said to be 35-45 
percent alunite, and the remainder is mostly quartz. 
Aluminum sulfate or alumina and potassium sulfate 
are the proposed products from this deposit (W. W. 
Walker, oral commun., May 1972). If this initial 
report on the size and grade of these deposits is 
confirmed, they are a large potential resource of 
aluminum, but whether or not this metal can be re- 
covered profitably is yet to be determined. 


ALUMINUM PHOSPHATE ROCK 


The leached zone, 2—20 feet thick, occurring above 
and stripped off in mining of phosphate deposits in 
Florida, contains several aluminum phosphate min- 
erals and minor quantities of uranium. The alumina 
content of this rock ranges from 4 to 20 percent, 
and the U;O, content from 0.005 to 0.02 percent. 
These deposits in Florida extend over several hun- 
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dred square miles and were estimated to contain 
800 million tons of this low-grade rock; however, 
part of this theoretical resource of alumina has 
been lost in mining. 

Research has been carried on by industry and gov- 
ernment organizations on the possibility of recov- 
ering alumina, uranium, and phosphate from these 
deposits and similar ones overseas. Some of the 
earlier efforts were sufficiently encouraging to gen- 
erate the issuing of several U.S. and foreign patents, 
but no profitable extraction of aluminum has been 
achieved. 


ALUMINOUS SHALE AND SLATE 


Aluminous shale, containing 20-24 percent A1.O;, 
and slate, some of which is considerably richer in 
alumina, are widely distributed throughout the 
United States. The most extensive aluminous shale 
units were formed from fine-grained marine sedi- 
ments. Those in Central and Hastern United States 
are of Paleozoic age, and those in the High Plains 
and Rocky Mountain regions are of Cretaceous age. 
Most slates in Hastern United States occur in a belt 
extending from Maine to North Carolina, and they 
are of Paleozoic age. 

Shales have been investigated as possible sources 
of aluminum by several State agencies and by in- 
dustry. The North American Coal Co. built a pilot 
plant at Powhatan Point, Ohio, and tested the shaly 
roof stone above the Pittsburgh coal bed. This at- 
tempt at commercial production was unsuccessful. 


DAWSONITE 


Dawsonite, NaAl(OH).COs:, a colorless or white 
acid-soluble mineral, occurs in small needlelike 
crystalline aggregates or as fine-grained to micro- 
scopic crystals in several types of host rocks. Daw- 
sonite contains, by weight, 35.4 percent Al.O,; or 
18.7 percent aluminum metal. When heated it loses 
hydroxyl water and carbon dioxide and forms water- 
soluble sodium aluminate. Until its discovery in the 
Tertiary oil-shale deposits of Colorado, dawsonite 
was a mineralogical curiosity found only at a few 
localities in the world (Smith and Milton, 1966; 
Loughnan and See, 1967). 

Large quantities of dawsonite and nahcolite (see 
discussion of nahcolite in chapter on “Evaporites 
and Brines’’) are present in the rich oil-shale de- 
posits of the Tertiary Green River Formation in the 
Piceance Creek basin, northwestern Colorado. Daw- 
sonite occurs as microscopic crystals disseminated 
throughout the oil shale in sequences as much as 
1,000 feet thick toward the center of the basin. The 
top of the dawsonite- and nahcolite-bearing oil shale 


in the central part of the basin ranges from about 
1,100 to 2,000 feet below the surface. The dawsonite 
content of the oil shale ranges from a few percent 
to at least 20 percent (Hite and Dyni, 1967). From 
an examination of well cuttings, DeVoto, Stevens, 
and Bloom (1970) identified a 500-foot-thick se- 
quence of oil shale of potential commercial value in 
a 250-square-mile area in the northern part of the 
basin. The shale in this sequence contains a mini- 
mum of 1.5 percent acid-extractable aluminum 
(equivalent to 8 percent dawsonite), which amounts 
to a resource of about 19 billion short tons of equiva- 
lent dawsonite. In addition to the aluminum, the 
rock contains an average of about 30 gallons of 
shale oil per ton. 

Alumina for production of aluminum metal and 
sodium aluminate for use in water-pollution control 
are potential products of dawsonite in the Colorado 
oil-shale deposits (Hite and Dyni, 1967; Irvin Neil- 
sen, written commun., 1972). Recovery of either 
product seems most feasible after the rock has been 
retorted for shale oil. During retorting, the daw- 
sonite would be converted to sodium aluminate 
which could then be extracted by a water or caustic 
leach (Dyni, 1972; VanNordstrand, 1968). Alumi- 
num hydroxide could be precipitated from the 
sodium aluminate solution, then calcined to form 
alumina. Additions of nahcolite to the oil shale 
before retorting might improve the recovery of 
sodium aluminate (Hite, 1969). Although the 
amount of extractable aluminum is very low to 
serve as a commercial source of aluminum, the costs 
of mining and processing the rock would be partly 
offset by coproduction of shale oil and nahcolite (or 
soda ash) from the same rock. Furthermore, extrac- 
tion of sodium aluminate from retorted dawsonite- 
bearing oil shale does not require the Bayer process 
which is necessary in processing bauxite for alu- 
minum metal. 

The dawsonite-bearing oil-shale deposits in Colo- 
rado originated in an ancient closed-basin lake en- 
vironment whose waters were rich in organic matter 
and sodium carbonate. Vast amounts of carbonate 
minerals including dawsonite, nahcolite, and dolo- 
mite were precipitated from strongly alkaline solu- 
tions by mechanisms that are as yet unclear. Daw- 
sonite seems to be restricted to the Piceance Creek 
basin; it has been looked for but not found in the 
Green River Formation in Utah or Wyoming. Else- 
where in the world small amounts of dawsonite 
have been found in dikes at Montreal, Canada, in 
sandstone from the Permian Greta Coal Measures 
in Australia, in alluvial claystones of Pleistocene 
age in Olduvai Gorge, Tanzania, and in a few other 
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localities of minor importance. Possibly, oil-shale 
deposits of lacustrine origin elsewhere in the world 
have potential for content of dawsonite and other 
sodium carbonate minerals. 


HIGH-ALUMINA CLAYS 


High-alumina clays consisting mainly of kaolinite 
have long been considered as a possible source of 
aluminum. During the World War II emergency, the 
possibilities for extracting alumina from such clays 
were evaluated in pilot plants at Salem, Ore., and 
Harleyville, S. C. Clays of this type were used as a 
source of aluminum in Germany and Japan during 
that war and have been investigated as a source of 
aluminum in Poland, the U.S.S.R., South Africa, and 
elsewhere in recent years. High-alumina clays have 
long been considered by the U.S. Geological Survey 
and the U.S. Bureau of Mines to be the most favor- 
able potential source of aluminum from nonbauxite 
rocks in the United States, because of their high 
aluminum content and their availability. A panel 
of academic and industrial experts in liaison with 
government officials recently reaffirmed this posi- 
tion (National Materials Advisory Board, 1970, 
195 dl)ye 

High-alumina kaolin and kaolinitic and refractory 
clays having alumina contents of 25-35 percent 
occur at many places in the United States (Patter- 
son, 1967, p. 129-145; U.S. Bureau of Mines, 1967; 
chapter on “Clays”), mainly in sedimentary rocks 
of Pennsylvanian, Cretaceous, and Tertiary ages. 
Though the total resource of clays containing as 
much as 25 percent alumina is extremely large, the 
deposits that realistically can be considered to be 
major potential sources of aluminum are more lim- 
ited. Those clays which are likely to be used for 
aluminum, if a breakthrough of the use of such 
materials is ever achieved, are likely to have rather 
restrictive characteristics; most particularly they 
will be high in grade, having average alumina con- 
tents of approximately 35 percent; and they will 
occur in very large deposits under geologic condi- 
tions permitting cheap strip mining and will be on 
lands owned by aluminum companies or on lands 
that can be acquired at a comparatively low cost. 
The principal limitation on the availability of high- 
alumina clay is that most of the large high-grade 
deposits under light overburden are now owned by 
companies producing various grades of kaolin and 
refractory and ceramic clays, and the value of these 
deposits for these uses is greater than for recovery 
of aluminum. 

Areas where high-grade clay in quantities of 50 
million tons are likely to be available include (1) 


deposits associated with bauxite in Arkansas; (2) 
the extensive Georgia kaolin belt; and (3) a belt of 
Hocene clay including the Andersonville district, 
Georgia, and extending northeast and southwest 
from that belt. The total amount of high-alumina 
clay in the United States containing 25 percent 
Al,.O; or more and under no limits of availability, 
overburden, or mining costs may be as much as 10 
billion tons. 


IGNEOUS ROCKS 


Nepheline syenite and anorthosite are two igneous 
rocks that are potential sources of aluminum. 
Nepheline syenite is a medium- to coarse-grained 
soda-rich rock composed chiefly of nepheline, alkalic 
feldspars, and ferromagnesian minerals. In Arkan- 
sas, the alumina content of nepheline syenite ranges 
from 18 to 20 percent. Deposits of nepheline syenite 
occur in many other places in the United States and 
elsewhere in the world. A deposit of nepheline 
syenite in the Kola Peninsula, U.S.S.R., containing 
considerably more alumina than the Arkansas rock, 
has produced metal-grade alumina, fertilizer, fluor- 
ine, and cement for several years. A large new plant 
using similar rock in southern Siberia is also re- 
ported to be in production. 

Anorthosite, a medium- to coarse-grained igneous 
rock, is composed mostly of plagioclase feldspar and 
contains 238-28 percent alumina. The rock forms 
large intrusive masses of Precambrian age near 
Laramie, Wyo., in California, in New York, and in 
many other localities in the United States and else- 
where in the world. A pilot plant operated in the 
early 1950’s by the U.S. Bureau of Mines tested a 
method of recovering metal-grade alumina and 
cement from Wyoming. This work proved alumina 
can be recovered from the rock, but not at currently 
competitive costs. In the summer of 1972, the Alu- 
minum Company of America announced the pur- 
chase of a large deposit of anorthosite in Wyoming. 

Neither nepheline syenite nor anorthosite is likely 
to become a source of aluminum in the United States 
in the near future, although both constitute enor- 
mous low-grade resources amounting to billions of 
tons. 


SAPROLITE 


Saprolite is a rock whose original minerals are 
replaced by others during weathering but whose 
original textures and structures are preserved. The 
physical and chemical characteristics of these rocks 
are dependent on climate and drainage as well as 
the composition of the parent material. In the United 
States, saprolite deposits are extensive, amounting 
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to many millions of tons in the Piedmont region 
that extends from southern Virginia through the 
western parts of South Carolina and North Carolina, 
and northern Georgia and into northeastern Ala- 
bama. Little is known about the composition of 
these saprolite deposits. Analysis of a few samples 
collected near Shelby, N.C., and Gaffney, 8.C., found 
the saprolite to contain 25-36 percent alumina, 
partly in gibbsite but much in very fine grained 
aluminum silicate minerals. Probably much of the 
silica in these rocks would be reactive and deleteri- 
ous in alumina processing. Other large saprolite 
deposits are associated with the low-grade bauxites 
in Hawaii, Washington, and Oregon. Saprolite also 
oceurs at several other localities in the United 
States. 

Saprolite was investigated as a source of alumi- 
num by several major aluminum companies during 
the 1950’s. In 1970, large acreages were leased by 
a newly formed company to recover alumina from 
saprolite. 


COAL ASH 


Approximately 50 million tons of ash containing 
8—40 percent alumina is produced by burning coal 
each year in the United States. Coal ash is an 
unlikely present-day source of aluminum because 
sufficient quantities are not generated in any one 
locality, and the ash may have been heated to tem- 
peratures that would make the alumina difficult to 
extract. As a long-range resource, however, coal 
ash may have some potential. If future energy re- 
quirements necessitate the use of large amounts of 
high-sulfur coal in steam-electric generating plants, 
possibly alumina and sulfuric acid could be recov- 
erable byproducts. 


COPPER-LEACH SOLUTIONS 


Recent consideration has been given to recovering 
alumina from acid solutions used to leach copper 
from mine dumps and low-grade copper deposits 
in the United States (National Materials Advisory 
Board, 1970, p. 57-60). Repeated cycling of these 
solutions increases the alumina content; one copper 
company estimated that the amount of leach solu- 
tion it circulated daily contains 1,000 tons of alu- 
mina. Potential resources of as much as 2,000 tons 
of alumina per day are estimated to be available 
from operations of 14 copper mines in the United 
States. 


PROBLEMS FOR RESEARCH 


On the assumption of a politically stable period 
in the world, it seems likely that the growing de- 


mand in the future for aluminum in the United 
States will be met largely by imports. It is antici- 
pated that the current trend of increasing imports 
of alumina and aluminum, rather than of bauxite, 
will continue. This condition could change if meth- 
ods are developed for economic recovery of alumi- 
num and coproducts from nonbauxite domestic 
sources. High-alumina clay, dawsonite-bearing oil 
shale, and possibly alunite seem to be the most 
promising nonbauxite domestic sources of alumi- 
num. 

Continued research on the geology of bauxite de- 
posits of the world is needed. This research should 
include exploration for additional major deposits, 
particularly in tropical areas, as well as continued 
investigations of the size, depth, thickness, grade, 
composition, impurities, and possible byproducts of 
known foreign deposits. 

New tools and methods to aid in prospecting and 
in the evaluation of bauxite deposits would indeed 
be useful. In the past, in the evaluation of deposits 
no substitute has been found for detailed augering 
or drilling and the analyzing of numerous samples. 
A breakthrough in expediting the analytical work- 
load may have come recently when one company 
introduced a modern semimobile laboratory in the 
Amazon Basin bauxite region (Mining Engineer- 
ing, 1971). This laboratory is reported to have an 
atomic-absorption spectrophotometer, photoelectric 
colorimeter, and a rotating heat-pressure digestion 
system. Another major aid in exploration may re- 
sult from a neutron-activation probe developed by 
Allan B. Tanner, Robert M. Moxham, and Frank E. 
Senftle of the U.S. Geological Survey and J. A. 
Baicker of the Princeton Gamma Tech Corporation 
(Tanner and others, 1972). This probe, when low- 
ered down a drill hole, will provide semiquantitative 
determinations of the aluminum in the wallrock. In- 
formation on the content of titanium, iron, and 
other possible metallic byproducts in the bauxite 
might also be obtained by this method. 

Additional research and information are needed 
on domestic potential sources of aluminum and on 
the location, size, grade, and principal mineral and 
impurity contents in several high-alumina clay de- 
posits. Detailed studies of the geology, mining, and 
metallurgy of the dawsonite-bearing oil-shale de- 
posits in Colorado by the U.S. Geological Survey 
and the U.S. Bureau of Mines are continuing. If the 
reported large deposit of alunite in Utah is con- 
firmed, geologic studies of this deposit and similar 
ones in the Western United States would be war- 
ranted. Much information related to costs of ex- 
tracting alumina from non-bauxite materials is also 
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needed. This need is emphasized by the reeommenda- 
tion of the National Materials Advisory Board 
(1970, p. 1) that the U.S. Bureau of Mines, with 
financial help and cooperation of the aluminum pro- 
ducers, should select the best acid process for recov- 
ering aluminum from clay and build and operate 
an alumina plant to provide information on costs. 
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ABSTRACT OF CONCLUSIONS 


The United States consumes each year about 40 percent 
of the world’s supply of primary antimony. Deposits in this 
country furnish only about 15 percent of the antimony con- 
sumed, and most of this is recovered as a byproduct from 
silver, copper, and lead-zinc ores, mainly in Idaho, and as 
antimonial lead from lead smelters; most of the antimony 
used is imported from the Republic of South Africa, Mexico, 
and Bolivia. Identified resources in the United States, here 
estimated to be 100,000 short tons, are in Western States, 
mainly Idaho, Nevada, Alaska, and Montana; principal iden- 
tified world resources, estimated at 5,600,000 short tons, are 
in China, Bolivia, the U.S.S.R., Republic of South Africa, 
and Mexico. Future antimony resources may be developed 
from Mississippi Valley-type lead deposits and from certain 


base-metal deposits in the Eastern United States. The pos- 
sibility of future production from these sources will hinge 
on the ability of lead smelters to continue operations and 
meet standards set to protect the environment. 


INTRODUCTION 


Antimony is a brittle silver-white metal that has 
a specific gravity of 6.6 and a melting point of 
630.5°C. It imparts strength, hardness, and cor- 
rosive resistance to alloys. 

Antimony is marketed as metal, oxide, antimonial 
lead, and sulfide. Metallic antimony is sold under 
brand names; each brand name commonly repre- 
sents metal with a guaranteed antimony content, 
and an allowable maximum content of arsenic and 
other minor constituents detrimental to many uses 
of antimony. 

The largest use of antimony in the United States 
is in the manufacture of storage batteries. Automo- 
bile batteries contain as much as 12 percent anti- 
mony, but most manufacturers now are using 4-6 
percent antimony alloyed with lead. Very high pur- 
ity antimony metal (99.999+ percent pure) is used 
in intermetallic compounds for semiconductors and 
other chemical applications. Antimony is used as a 
hardening agent in metals used in chemical pumps, 
tank linings, roofing sheets, plumbing fixtures and 
pipes, cable sheaths, foil, and bullets. Antifriction 
bearings, type metal, solder, and decorative cast- 
ings of Britannia metal and pewter also contain 
antimony. “Antimony black” is finely divided metal- 
lic antimony used in bronzing for metals and plaster 
casts. 

Antimony oxides are used in paints and plastics 
as a pigment and fire-retarding agent and in white 
ceramic enamels as an opacifying agent. With suit- 
able stabilizers and coloring additives, antimony 
trioxide glass can be made opaque to all visible 
light except long-wave infrared rays. 

Antimony sulfides are used in the manufacture 
of ammunition primers, smoke generators, visual 
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range-finding shells, tracer bullets, and fireworks 
and as a vulcanizing agent in the rubber industry. 
A small amount of antimony sulfide is also used in 
friction matches. 

Organic antimony compounds are used in the 
treatment of certain parasitic diseases. Potassium 
antimony] tartrate has been used as a nauseant and 
expectorant. 

U.S. consumption of primary antimony was about 
23 percent lower in 1970-71 than during the pre- 
vious 4-year period. This may reflect consumer re- 
sistance to the high price level during 1970, but 
antimony prices in June 1971 were comparable to 
October-November 1969 prices, and prices con- 
tinued the downtrend during the last half of 1971. 
More than 80 percent of the U.S. smelter output. of 
primary antimony is derived from imported anti- 
mony ores and concentrates or byproduct antimony 
from foreign lead ores; domestic antimony ores 
account for about 7 percent and byproduct anti- 
mony from lead-silver ores accounts for 9 percent 
of the antimony produced. 

Other substances may be substituted for antimony 
in most uses, but substitutes may be in short sup- 
ply or may be more expensive to use. Substitution 
is restricted by the necessity of making changes in 
production techniques and factory equipment. Mer- 
cury, titanium, lead, zinc, chromium, tin, and zir- 
conium may substitute for antimony in paints, pig- 
ments, and enamels. Possible substitutes for 
antimony-hardened lead are tin, calcium, and 
dispersion-hardened lead; selected organic com- 
pounds have been accepted as alternative materials 
in flameproofing. 

Antimony is a strategic commodity because of its 
important military uses. Concern about future sup- 
ply of antimony is increased by the dependency of 
the United States on imported ores and concentrates. 
The United States receives about 50 percent of its 
imported antimony ores from the Republic of South 
Africa; Mexico and Bolivia, important suppliers in 
the past, still account for about half the ore imports. 


EXPLOITATION 


Stibnite deposits and occurrences were discovered 
in Nevada as early as the 1860’s, and some antimony 
ore was produced as early as 1865. Idaho’s produc- 
tion started in the early 1890’s. 

Military importance of antimony was first realized 
during World War I; the shortage resulting from 
military uses was eased to some extent by increased 
domestic production and imports from Bolivia. The 
price for antimony dropped from a high of 45 cents 
per pound in 1916 to a low of 4 cents per pound in 


1922. Expanded use of storage batteries in the auto- 
mobile industry increased antimony consumption 
during the 1930’s. (See fig. 8.) World War II esca- 
lated the demand for antimony, and idle domestic 
mines were reopened and foreign mines expanded 
production. Secondary antimony recovered from 
scrap became a major supply source. 
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FIGURE 8.—Price and production of antimony in the United 
States, 1916-70. 


World War II antimony production peaked in 
1943 when U.S. mines produced 5,111 short tons of 
contained antimony, largely from the Yellow Pine 
mine of Idaho. Production peaked again in 1948 at 
the all-time high total from U.S. mines of 6,489 
short tons of contained antimony, again largely from 
the Yellow Pine mine. This production peak reflects 
the continued production of antimony at the Yellow 
Pine mine after the high-grade tungsten-antimony 
ore was exhausted. In 1951, domestic production 
attained a minor peak of 3,472 short tons of con- 
tained antimony, probably paralleling increased 
military needs during the Korean War. Thus, the 
three production peaks occurred during one 10-year 
period, 1942-52. 

The price for imported antimony metal, at New 
York, reached a high of $4 per pound early in 1970, 
and the price for imported ore and concentrates, 60 
percent antimony, topped at $48-$45 per long-ton 
unit in June 1970. Peak prices of RMM ($1.76 per 
lb) and Lone Star ($1.77 per lb) metals produced 
by NL Industries, Inc., at Laredo, Tex., were reached 
in April 1970, and they held at that level through 
August 1970. Production from mines in the United 
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States rose from 938 short tons of contained anti- 
mony in 1969 to 1,130 short tons in 1970 and then 
dipped to 992 short tons in 1971. In 1969, U.S. 
smelter production was 138,203 short tons of con- 
tained antimony as compared to 13,381 short tons 
in 1970 and 13,157 short tons in 1971. These statis- 
tics indicate that the amount of antimony mined in 
the United States and that produced by U.S. 
smelters are not greatly affected by price fluctua- 
tions. Mines reopened primarily for antimony could 
not reach a production stage soon enough to take 
advantage of the higher prices. Price levels during 
the first quarter of 1972 approximated those of the 
third quarter of 1969. 

Although antimony is toxic when taken internally, 
its production alone probably would not constitute 
a hazard to the environment. Lead smelters, where 
antimonial lead is recovered, may be detrimental to 
the environment, and many smelters cannot meet 
present-day emission standards. 


GEOLOGIC ENVIRONMENT 
GEOCHEMISTRY 


The abundance of antimony in the earth’s crust 
ranges from 0.2 to 0.5 ppm (parts per million). In 
igneous rocks the abundance is 0.1—1 ppm. Accord- 
ing to Vinogradov (1962), basalts contain the high- 
est percentage of antimony, and Turekian and 
Wedepohl (1961) found that deep-sea clays contain 
1 ppm antimony. 

The chemical and physical properties of antimony 
are similar to those of arsenic and bismuth. Anti- 
mony is chaleophile in distribution and combines 
readily with sulfur and the preferred heavy metals 
lead, copper, and silver. Metallic minerals found in 
association with primary antimony minerals are 
pyrite, galena, sphalerite, chalcopyrite, arseno- 
pyrite, pyrrhotite, gold, and silver; the common 
gangue minerals are quartz (predominantly), cal- 
cite, and barite. 

The amount of antimony found distributed 
through sedimentary rocks is very small, and the 
changes that anitmony undergoes in the weathering 
process are obscure. Antimony, like arsenic, tends 
to be concentrated in hydrolyzates, chiefly by adsorp- 
tion on ferric hydroxide. Although the antimony 
content of sea water is beyond limits of detection 
by most analytical methods, small amounts have 
been reported in some marine animals and in ashes 
of seaweeds. Although data are lacking, it seems 
likely that during metamorphism much antimony in 
stibnite is quickly remobilized and moved through 
and into fissures, fractures, and brecciated zones, 


again forming low-temperature hydrothermal de- 
posits. 


MINERALOGY 


Stibnite, Sb.S:;, is the predominant ore of anti- 
mony; next in importance are valentinite, Sb.0O;; 
senarmontite, Sb.0;; stibiconite, Sb.0.,-H.O; bind- 
heimite, Pb.Sb.0,-nH.O; and kermesite, 2Sb.S, 
-Sb.0;. Tetrahedrite, Cu;Sb.S,;, has become an im- 
portant antimony ore, and jamesonite, Pb.Sb.S;, has 
been mined from deposits at Zimapan, Hidalgo, 
Mexico; Candelaria, Nev.; and the Arabia district, 
Nevada. 


TYPES OF DEPOSITS 


Antimony occurs in a variety of deposits—epi- 
thermal veins, pegmatites, and replacement and hot- 
spring deposits. Deposits of antimony range in age 
from Precambrian to Quaternary. Wang (1952, p. 
6-10) showed a rather complex classification of 
worldwide antimony deposits; White (1951; 1962) 
classified world deposits into two types, with grada- 
tions between these types; one of these is miner- 
alogically and structurally simple and the other 
complex. 

Simple antimony deposits consist principally of 
stibnite, or rarely, native antimony in a siliceous 
gangue, commonly with some pyrite and in places 
a little gold and small amounts of other metal sul- 
fides, principally silver and mercury. The “manto” 
deposits of Mexico are of the simple type and con- 
sist of selective replacements of favorable limestone 
beds, generally overlain by shale. Most stibnite of 
the hypogene deposits is oxidized to one or more 
of the antimony oxides. Most deposits of Mexico, 
Bolivia, Peru, China, Republic of South Africa, 
Yugoslavia, Algeria, Hungary, Czechoslovakia, 
Italy, and Japan are of the simple type. 

Complex antimony deposits consist of stibnite 
associated with pyrite, arsenopyrite, cinnabar, or 
scheelite or of antimony sulfosalts with varying 
amounts of copper, lead, and silver as well as the 
common sulfides of these metals and zine. Ores of 
the complex deposits generally are mined primarily 
for lead, gold, silver, zinc, or tungsten. Most of the 
antimony produced in the United States, Australia, 
and Canada is from complex deposits. 

Neither the simple antimony deposits nor the 
complex ones can be said to have affinity for a spe- 
cific rock type, U.S. deposits range in age from Pre- 
cambrian to Tertiary (White, 1962). Although many 
U.S. deposits are of Tertiary age, equally as many 
are of Mesozoic age, and about one-fifth of the de- 
posits are of Paleozoic age. Deposits closely asso- 
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ciated with Mesozoic or Tertiary igneous rocks are 
about equally divided between dikes and lava flows 
and coarse-grained intrusive rocks, commonly grano- 
diorite or quartz monzonite. The often-held view 
that antimony deposits are of Tertiary age and vol- 
canic association is an oversimplification. 

Most antimony produced in the United States 
comes from the complex deposits, as a byproduct 
of the treatment of silver, lead, copper, and zinc 
ores. The deposits in the Coeur d’Alene district, 
Idaho, are outstanding examples of complex depos- 
its. In the Yellow Pine district, Valley County, 
Idaho, another example of an area of complex ores, 
gold and tungsten were the principal metals, but 
with a high enough price antimony outvalues the 
other metals. For detailed information about spe- 
cific U.S. deposits, see White (1951; 1962). 

Most antimony deposits presumably formed from 
hydrothermal solutions at relatively low tempera- 
ture and shallow depth, which gave rise to filled 
fissures, joints, and irregular replacement masses. 
In places, antimony is disseminated through the 
wallrock alteration zone. 


RESOURCES 
IDENTIFIED AND HYPOTHETICAL RESOURCES 


Estimated identified and hypothetical resources 
are summarized in table 8; these estimates are 
based on sparse data in files of the U.S. Geological 
Survey and a few published sources of information 
on the occurrence of antimony as a relatively minor 
constituent in ore deposits of major metals. Approxi- 
mately 25 percent of the known U.S: antimony re- 
sources is in scattered simple-type deposits, which 
are not of economic importance unless the price for 


TABLE 8.—EHstimated world resources of antimony, in short 
tons of metal 


[Figures are modified from data compiled by U.S. Bureau of Mines ex- 
cept where otherwise noted] 


Identified Hypothetical 


Country resources ! resources * 

Winited@ states: sees eee 100,000 * 100,000 
Wiexi come =a ne eR ah be ES 200,000 
IB Oliva age are ene eee erie 420,000 
Wuroslavial Sule esis ae 100,000 
Munkey 2a Ses Ree 120,000 
Republic of South Africa ______ 300,000 
SPS Shh 8 eee en a ee ee 300,000 

Chinat See a2 ae eee ee 3,800,000 1,500,000 
halland botees: S1 aeaee Sea eS 110,000 
Australian ee ee 150,000 
Worldetotal ees 5,600,000 


1Tdentified resources: Specific, identified mineral deposits that may 
or may not be evaluated as to extent and grade and whose contained 
minerals may or may not be profitably recoverable with existing tech- 
nology and economic conditions 

* Hypothetical resources: Undiscovered mineral deposits, whether of 
recoverable or subeconomic grade, that are geologically predictable as 
existing in known districts. 

’ Based on unpublished data in files of U.S. Geological Survey. 


ore or concentrates would triple or quadruple and 
stabilize at that level. Although 25 percent of the 
U.S. antimony resources is contained in the Yellow 
Pine district, little antimony has been produced since 
the Yellow Pine mine was closed in 1952. Ranchers 
Exploration and Development Corporation leased 
the Yellow Pine mine and carried out a diamond- 
drilling program in 1970, but there is no indication 
that any ore was produced (B. F. Leonard, oral 
commun., 1972). At least 50 percent of the U.S. anti- 
mony resources is contained in known complex 
lead-silver-copper and gold ores. 

During the last 40 years, about four-fifths of U.S. 
mine production of antimony has come from Idaho. 
Reserves of ore in the Coeur d’Alene district are 
considered adquate for continuous operations for 
many years. 

The Fairbanks district, Alaska, has produced 
about 2,500 tons of stibnite ore, and since 1936, 
when it began operations, the Stampede mine in the 
Kantishna district, Alaska, has produced about 2,700 
tons of stibnite ore. About 75 percent of Alaska’s 
antimony was produced before World War II. From 
1960 to 1971, about 100 tons of antimony was pro- 
duced from Alaskan deposits, mainly the Stampede 
mine. Known Alaskan resources are estimated as 
nearly 10,000 tons of low-grade material (Berg 
and others, 1964). 

On the basis of scattered analyses, it is estimated 
that lead ores in southeastern Missouri, the Tri- 
State district, and the Upper Mississippi Valley may 
contain as much as 50,000 tons of antimony, here 
considered as a hypothetical resource. So far as is 
known, no antimony is now being recovered from 
these ores. 


SPECULATIVE RESOURCES 


Potential resources of antimony that may be 
mined in the future are tied directly to lead-silver- 
copper-zine deposits like those from which most 
domestic antimony is recovered as a byproduct or 
coproduct. 

Antimony is present in some galenas from Mis- 
sissippi Valley-type lead deposits (Allen Heyl, oral 
commun., 1972), and antimony is a constituent of 
some base-metal deposits in the Eastern United 
States. Apparently, fringe areas of some mineralized 
zones, such as in Nevada, show anomalous amounts 
of antimony; potential resources possibly exist 
there. When the United States can no longer import 
antimony in quantities to meet the needs, some addi- 
tional domestic production may be obtainable from 
these base-metal deposits and from areas of known 
base-metal, tungsten, silver, and gold mineralization. 
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PROSPECTING TECHNIQUES 


Historically, very little prospecting has been di- 
rected solely toward antimony; probably most was 
incidental to prospecting for gold, silver, lead, or 
zopper. In some instances, although antimony was 
not detected in sulfides or oxides of certain metal 
deposits, antimony has been recovered during smelt- 
ing of the ores. Where antimony is recognized, 
prospectors have searched successfully for exten- 
sions of known deposits and for other deposits in 
or near known occurrences. 

Geochemical methods of determining antimony in 
soils and rocks have been tested in the laboratory 
and under field conditions (Ward and Lakin, 1954; 
Jardine, 1963; Ward and others, 1963). The field 
method described by Ward and Lakin (1954) was 
used successfully by Sainsbury (1957) in geo- 
chemical exploration for antimony in Alaska. 


PROBLEMS FOR RESEARCH 


Detailed geologic studies of the occurrence of 
antimony-bearing minerals in known deposits, espe- 
cially those minerals in which antimony substitutes 
for another element, would broaden our base of 
knowledge and enhance the possibility of delineat- 
ing areas that contain additional antimony resources. 
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ABSTRACT OF CONCLUSIONS 


Arsenic is used mostly in agriculture, where it is employed 
as an insecticide, pesticide, and herbicide. It has limited use 
in industry as an alloying agent and a chemical reagent. 

Current domestic consumption of arsenic is about 20,000— 
30,000 short tons per year, but domestic production fills only 
about a tenth of this. The rest is mostly supplied by other 
countries of the free world, chiefly Sweden, France, and 
Mexico. 

Arsenic is produced as a byproduct and occurs in several 
types of deposits: enargite-bearing copper-zinc-lead deposits, 
arsenical pyritic copper deposits, native silver and nickel- 


cobalt arsenide deposits, arsenical gold deposits, arsenic sul- 
fide and arsenic sulfide gold deposits, and arsenical tin de- 
posits. 

U.S. and world identified resources of arsenic are herein 
estimated to be 1,300,000 short tons and 17,600,000 short 
tons, respectively; these resources are more than sufficient 
to fill projected needs until the year 2000. Hypothetical re- 
sources for the United States and the world are estimated 
at 650,000 short tons and 14,300,000 short tons, respectively. 

Speculative resources of arsenic are estimated to be 10 
million short tons. Arsenic may be obtainable from organic 
shale of marine origin; where such shale is subjected to 
tectonic and metamorphic processes, contained metals may 
migrate to and concentrate in favorable structures. 


INTRODUCTION 


Elemental arsenic in its most stable form is a 
silver-gray metalloid, moderately hard but brittle 
and having a specific gravity of about 5.73. It rarely 
occurs naturally in its native state. 

Arsenic is chemically allied to a group of elements 
which includes nitrogen, phosphorus, antimony, and 
bismuth; but it is physically more like antimony and 
bismuth, which also have metallike qualities. 

Arsenic is important because of its toxic effect on 
living matter; its principal use is in agriculture 
where arsenic compounds function as insecticides, 
pesticides, and herbicides. Arsenic acid is used as 
a defoliant or dessicator to facilitate the mechanical 
harvesting of cotton. Organic arsenic compounds are 
used to control or to kill undesirable grasses and as 
parasite control agents in poultry and livestock. 
Other arsenic compounds are used as wood preser- 
vatives. 

Uses of arsenic in industry are minor compared 
with those in agriculture. Arsenic is used as a de- 
colorizer in the manufacture of glass, and arsenic 
compounds are used as pigments in some enamels 
and as reagents in flotation processes for separat- 
ing minerals. 

Metallurgically, arsenic is used as a hardener for 
lead in bearing metal, battery plates, and shot. It is 
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also alloyed with copper to give increased corrosion 
and erosion resistance and a higher annealing tem- 
perature. 

Potential uses of arsenic include the manufacture 
of gallium arsenide or gallium arsenide phosphate 
diodes, improved lead-antimony or lead-tin-antimony 
alloys, catalysts used in the formation of some 
organic compounds, and nucleating agents in 
ceramic manufacture. The potential uses of the ele- 
ment, however, are not expected to increase its 
consumption appreciably. 

Arsenic and arsenic compounds are important to 
the production of certain crops in countries that 
have developed advanced agricultural technologies— 
the United States, Canada, the countries of western 
Europe, Australia, and New Zealand, and to a lesser 
degree, the U.S.S.R. and the countries of eastern 
Europe. Industrial-technological-scientific societies 
have developed only where manpower has been freed 
from the production of foods and textiles. The ini- 
tial increases in agricultural productivity resulted 
from mechanization; later increases resulted from 
the use of chemical fertilizers and improved seed ; 
and more recent increases resulted from the use of 
insecticides, pesticides, and herbicides. Insecticides, 
pesticides, and herbicides play an important role in 
achieving the standard of living now enjoyed by the 
advanced nations, and they undoubtedly will play an 
increasing role in advancing the standard of living 
of the emerging nations. 

Substitutes have been sought for arsenic com- 
pounds, not because arsenic is in short supply or is 
exepnsive, but because it is toxic to humans. In place 
of inorganic arsenic compounds, a group of chlori- 
nated hydrocarbons and organic phosphorous com- 
pounds have been developed which are claimed to 
have lower toxicities for humans. Substitutes for 
arsenic used in industrial and metallurgical proc- 
esses may in part be met by the chemically allied 
metalloids antimony and bismuth. 

Domestic consumption of arsenic fluctuates from 
about 20,000 to about 30,000 short tons per year. 
An estimate for 1968 shows that the United States 
consumed or stocked the equivalent of 26,200 short 
tons of arsenic. Of this amount, 2,900 tons (11 per- 
cent) came from domestic sources and 23,300 tons 
(89 percent) came from foreign sources, either in 
arsenic metal and compounds or in ores and con- 
centrates. Of the imports, Sweden supplied 37 per- 
cent, Mexico 28 percent, and France 26 percent. 
Only about 40 tons (about 0.2 percent) came from 
the Communist world, although in 1967 shipments 
from this source exceeded 1,000 tons. 

The domestic output of arsenic is insufficient to 


meet current demand, although the United States 
has both the sufficient arsenic resources and the 
production facilities to meet demand. The increas- 
ing reliance on foreign sources, which has taken 
place over the last 25 years, is chiefly due to eco- 
nomics. 


EXPLOITATION 


Arsenic, because it is recovered as a byproduct, 
has had a history of exploitation different from that 
of most other commodities. It is removed from vari- 
ous ores during smelting, but its output is dependent 
upon several factors, including size, grade, and type 
of deposits, availability of smelter facilities, and 
price policies at custom smelters. Arsenic-rich seg- 
regates are refined at smelters with facilities for 
doing so. Where facilities are lacking or are idle, 
the segregates are stockpiled and shipped to other 
processing plants. Supplies have normally exceeded 
requirements and can be increased when necessary 
by activiating idle processing plants to recover 
arsenic from ores not ordinarily so treated. 

Significant arsenic production started around 
1900 and has increased steadily since then. Arsenic 
first was produced from arsenical gold deposits and 
later from other types of deposits. The arsenic-rich 
Boliden cooper deposit in Sweden started producing 
in 1926 and in large part made Sweden the world’s 
foremost producer of arsenic. 

Environmental problems resulting from exploita- 
tion of arsenic-bearing deposits are similar to those 
of other deposits. Access roads, mining, milling, 
and smelting and the disposal of overburden ma- 
terial, waste rock, mill tailings, and slag all tend to 
disturb the original environment of any area. At 
best these disturbances can only be minimized, and 
then at some cost. With the final cessation of min- 
ing and allied activity, some operational areas can 
be restored to approximate original conditions but 
at considerable cost. 

Where arsenic in sulfide minerals is exposed to 
the atmosphere, as in the waste dumps of mines, 
soluble arsenates may be formed which can be a 
source of stream pollution. Smelters which treat 
arsenical sulfide ores can lose arsenic to the atmos- 
phere in the form of arsenic oxides or arsine, 
AsH,, although most of the arsenic volatilized in 
smelting and roasting forms a fine ash or dust which 
is arrested in the smelter stacks or Cottrell precipi- 
tators. 


GEOLOGIC ENVIRONMENT 


GEOCHEMISTRY 
Arsenic is a relatively rare crustal element, con- 
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stituting about 2 ppm (parts per million) of igne- 
ous rocks (Onishi and Sandell, 1955) but 60 ppm 
or more of magmatic sulfide minerals (Rankama and 
Sahama, 1950, p. 739). Geochemically, arsenic is 
similar to antimony and bismuth. All three elements 
combine with sulfur, selenium, and tellurium. They 
form sulfosalts, arsenides, and antimonides with 
various heavy metals and show a preference for 
combining with copper, iron, nickel, and cobalt. 

Some sulfide ores contain varying amounts of 
arsenic, antimony, and bismuth. Research on the 
mineralogy of these elements is incomplete; their 
presence has been established only in galena. 

Arsenic occurs sparingly in the early and main 
stages of magmatic crystallization. Karly magnetite 
and hematite contain little arsenic, and although the 
early magmatic sulfide minerals contain relatively 
large amounts, the late magmatic sulfides are 
strongly enriched. Arsenic first occurs as a distinct 
mineral (arsenopyrite) during the pegmatitic stage, 
but in most minerals it develops in the pyrometaso- 
matic and hydrothermal stages of magmatism. 

Arsenic tends to precipitate in extremely fine 
grained sedimentary materials that are made up of 
chemically undecomposed comminuted rock and 
insoluble rock residues derived through hydrolytic 
decomposition. It is especially concentrated in sedi- 
ments that contain relatively large quantities of 
iron and manganese oxides, principally by adsorp- 
tion on ferric hydroxide. Whereas as little as 4 ppm 
arsenic is found in bottom sediments of the Atlantic 
Ocean, as much as 65—650 ppm is found in ancient 
sedimentary iron ores. It is driven from iron-rich 
sediments through metamorphic processes. Arsenic 
is also precipitated with pyrite that was formed in 
carbonaceous oozes. More than 3,000 ppm of arsenic 
is reported in sedimentary pyrite. 

Arsenic forms the anion AsO,, which is iso- 
morphous with the anion PO,; consequently, arsen- 
ates substitute for phosphates and are present in 
both marine organisms and phosphate deposits. A 
small part of the arsenic in marine environments, 
however, escapes precipitation and remains in solu- 
tion, possibly as an arsenite. 


MINERALS 


Arsenic occurs in more than two dozen minerals, 
but only a few are commonly found in ore deposits. 
The primary arsenic minerals are arsenopyrite 
(FeAsS), lollingite (FeAs.), smaltite (CoAs,), 
chloanthite (NiAs.), niccolite (NiAs), tennantite 
(Cu.As.S-;), enargite (Cu,AsS,), and proustite 
(Ag. AsS;). 

The supergene arsenic minerals are arsenolite 


(As.0;), mimetite (PbCl-Pb,As;0,2),  olivenite 
(Cuz;As,0;-Cu(OH).), realgar (AsS), orpiment 
(As.0;), scorodite (FeAsO,-2H.0O), and pearceite 
(Ag. AsS,). 


TYPES OF DEPOSITS 


No ore deposit is currently being mined solely 
for arsenic, although in the past, a few deposits high 
in arsenic were so mined for brief periods. Arsenic 
occurs in various types of metalliferous deposits 
which are classed in their approximate order of 
importance on the basis of estimated past produc- 
tion. They are as follows: 

Enargite-bearing copper-zinc-lead deposits 
Arsenical pyritic copper deposits 

Native silver and nickel-cobalt arsenide deposits 
Arsenical gold deposits 

Arsenic sulfide and arsenic sulfide gold deposits 
Arsenical tin deposits 

Other deposits 


IC OG COON 


ENARGITE-BEARING COPPER-ZINC-LEAD DEPOSITS 


Enargite-bearing copper-zinc-lead deposits occur 
almost exclusively in orogenic belts in areas char- 
acterized either by granitic bodies or by volcanic 
rocks including vent deposits and mafic dikes and 
sills. Host rocks, in addition to granitic and vol- 
canic rocks, include metasedimentary rocks of clastic 
origin and rarely carbonate rocks. 

Enargite-bearing copper-zinc-lead deposits have 
complex mineralogies. This is due in part to repeti- 
tive episodes of dissimilar mineralization, in part to 
supergene alteration, and in part to the location of 
some deposits in extremely arid climates where 
otherwise soluble minerals are stable. 

The more important minerals characteristic of 
the ores are enargite-famatinite, tetrahedrite, and 
pyrite, with quartz gangue; enargite-famatinite 
with native bismuth, argentian galena-sphalerite, 
tetrahedrite, pyrargyrite, and stephanite, with 
pyrite gangue; pyrite, enargite, tennantite, bornite, 
chaleocite, sphalerite, and a little chalcopyrite and 
covellite; and pyrite, chalcopyrite, sphalerite, galena, 
and lesser amounts of tetrahedrite and enargite. 
Supergene chalcocite is important in those deposits 
where near-surface copper was oxidized, leached, 
and redeposited at depth. In the oxidized zones of 
some deposits, native silver is important. 

Enargite is the only important arsenic-bearing 
mineral; arsenolite and scorodite are present in the 
oxidized zone of some deposits but are sparse. 

The deposits occur in veins and in massive blanket 
or lensoidal bodies. Vein deposits occur in sets of 
fractures or faults; some of the faults were active 
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during mineralization. The evins may be hundreds 
to thousands of feet long, as much as several tens 
of feet thick, and widely spaced, or they may be 
relatively short, thin, and closely spaced. The veins 
are commonly curvilinear and from place to place 
change in strike and dip; some veins split to form 
one or more additional veins. 

The massive deposits occur in lenticular bodies 
measuring hundreds to thousands of feet in width 
and length and as much as 200 feet thick; they con- 
form to controlling structures such as bedding and 
to the contacts between rock units. The vein depos- 
its are structurally controlled, although most occur 
in granitic rock. They are in multiple sets of small 
faults or fractures, some of which may have been 
guided along a preexisting structural grain. Pre- 
ferred mineralization of one set of fractures or 
faults over another may be due to availability of 
openings during the mineralization process. 

Some massive bodies measuring hundreds of feet 
in length and width occur along or associated with 
major faults. The Cerro de Pasco deposit of Peru is 
located along a thrust fault of regional extent, but 
the significance of the fault as a controlling factor 
is unknown. The upper plate is mineralized and 
encloses manto-type sulfide deposits. 

Enargite-bearing copper-zinc-lead deposits are 
among the largest ore deposits known. The deposit 
at Butte, Mont. (Meyer and others, 1968, p. 13895— 


1403), from 1880 to 1964 produced 318,234,680 | 


pounds of arsenic compounds, although arsenic was 
not recovered during all this period. The tenor of 
mined copper over this period was about 214 per- 
cent; that of arsenic is estimated to have been about 
0.1 percent. Some of the other deposits of this type 
are, or will be when fully developed, comparable in 
size and tenor. 

Other important deposits are Chuquicamata, Chile 
(Taylor, 1935, p. 473-484), Cerro de Pasco (Mc- 
Laughlin and others, 1935, p. 517-527) and Moro- 
cocha, Peru (Graton and others, 1935, p. 528-544), 
and Lepanto, Republic of the Philippines (Kinkel 
and others, 1956). 

Enargite-bearing vein deposits are generally 
thought to be hydrothermal in origin and to have 
been derived from adjacent granitic plutons. 

The massive deposits were long considered to be 
sedimentary-syngenetic veins or lodes that were 
deposited by ascending solutions or by hydrothermal 
replacement of crushed or sheared zones. More re- 
cently, they have been considered to be of voleanic- 
syngenetic origin and to have been produced by 
base-metal-rich sulfide emanations emitted during 
submarine volcanism (Anderson, 1969). 
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ARSENICAL PYRITIC COPPER DEPOSITS 


Arsenical pyritic copper deposits occur in Pre- 
cambrian terranes associated with metasedimentary 
and metavoleanic rocks, in Precambrian magmatic 
granite, and in orogenic belts with carbonate rock. 
Host rocks include rhyolite or tuffaceous schist, bio- 
tite schist, chlorite or chlorite-sericite schist, anda- 
lusite, sericite schist, conglomerate, calcareous brec- 
cia, and limestone. 

The metallic minerals include pyrite, chalcopyrite, 
pyrrhotite, arsenopyrite, sphalerite, galena, pyrar- 
gyrite, tetrahedrite or tennantite, and native gold; 
gangue minerals include quartz, tourmaline, dolo- 
mite, ankerite, and sericite. Bismuth minerals are 
present in some deposits. Arsenopyrite and tennant- 
ite are the only arsenic-bearing minerals; arseno- 
pyrite occurs sparingly or abundantly and is either 
evenly distributed or concentrated in nodular 
masses; tennantite, although more evenly distributed 
in deposits in which it is present, is very minor. 

Arsenical pyritic copper deposits occur in massive 
tabular or lenticular bodies as much as several 
hundreds of feet long and at least 100 feet thick, 
or in pipelike masses several hundred feet in diam- 
eter and thousands of feet in vertical extent. Some 
deposits of this type seem to be controlled by steeply 
dipping shear zones or drag folds. They also occur 
consistently at or near the contacts of rock units. 
Deposits in foliated rocks follow the grain of the 
schistosity, a feature preserved in the ore; frac- 
tured or brecciated textures that were formed dur- 
ing mineralization are also displayed in the ore. 

The size of the deposits ranges from a few hun- 
dreds of tons to millions of tons. The Boliden mine 
of Sweden, now exhausted, produced 8,341,550 
metric tons of ore which contained 556,000 metric 
tons (620,000 short tons) of arsenic, an average of 
6.91 percent, in addition to 1.42 percent copper, 15.2 
grams per metric ton of gold, and 49 grams per 
metric ton of silver. Other deposits of this type 
which contained more copper (5-6 percent) con- 
tained only a fraction of 1 percent arsenic. 

In addition to the Boliden deposit (Grip and 
Wirstam, 1970), examples of this type include the 
Rammelsberg deposits in the Federal Republic of 
Germany (Lindgren and Irving, 1911), the United 
Verde mine in the Jerome area of Arizona (Lind- 
gren, 1926, p. 32-85, 61-78; Anderson and Creasey, 
1958, p. 92), and several deposits on the island of 
Honshu, Japan (Kanehara, 1935, p. 688). 

Arsenical pyritic copper deposits have been con- 
sidered epigenetic and to have formed by replace- 
ment; those in schistose rock, for example, display 
relic foliation inherited from the host. The miner- 
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alizing solutions were thought to be hypothermal, 
although no deposit could be traced with certainty 
to a magmatic source. More recently, the supra- 
crustal host rocks appear to be the source of the 
metals; the metals, mobilized by deep-level granitiza- 
tion, moved ahead of a migmatite front to accrete 
in favorable host structures or strata (Grip, 1960, 
p. 3-14). A voleanic-syngenetic origin also has been 
suggested for deposits of this type. 


NATIVE SILVER AND NICKEL-COBALT 
ARSENIDE DEPOSITS 

Deposits containing native silver and arsenides 
of nickel and cobalt are numerous in Precambrian 
shield areas and in orogenic belts. In shield areas 
the deposits are associated with belts of volcanic 
and related intrusive rocks and with sedimentary 
rocks derived from volcanic rocks, whereas in oro- 
genic belts the deposits appear to be associated with 
small igneous bodies that were intruded into a 
variety of sedimentary rocks. The host rocks are 
diabase, mafic and intermediate lavas, conglomerate, 
graywacke, quartzite, and metamorphosed and gra- 
nitized sedimentary rocks. 

The major metallic minerals in these deposits are 
native silver, argentite, chalcopyrite, galena, pyrite, 
pyrrhotite, sphalerite, tetrahedrite, and native bis- 
muth, accompanied by lesser amounts of proustite, 
pentlandite, polybasite, stephanite, and stromeyerite. 
Collectively important is the suite of arsenide, sul- 
fide, sulfarsenide, and antimonide minerals which 
include smaltite-chloanthite (CoAs.-NiAs.), domey- 
kite (Cu;As), safflorite (CoAs.), rammelsbergite 
(NiAs,), skutterudite (CoAs;), gersdorfite (NiAsS), 
cobaltite (CoAsS), glaucodot ([Co,Fe]AsS), nicco- 
lite (NiAs), dyscrasite (Ag.S,), and breithauptite 
(NiSb), as well as lollingite and arsenopyrite. Ura- 
ninite is present in a few of the deposits. 

Secondary minerals include the hydrous arsenates 
annabergite (Ni,As.O,:8H,O), erythrite (Co;As.O; 
-8H.O), and scorodite, as well as limonite and man- 
ganese oxide. The gangue minerals differ from de- 
posit to deposit and include mainly calcite, dolomite, 
and quartz and lesser amounts of rhodochrosite, 
barite, and fluorite. 

Native silver and nickel-cobalt arsenide deposits 
commonly occur in braided vein systems in which 
the individual veins in general range in thickness 
from a fraction of an inch to a foot; a very few are 
as thick as 8 feet. The veins are commonly relatively 
short, extending only a few hundred feet along 
strike and dip, but some have been traced for 
thousands of feet. 

Some deposits in shield areas occur along exten- 


sive faults or fault-related fractures, but more com- 
monly they are localized by more subtle features, 
such as fractures that developed parallel to the con- 
tacts of sills and other intruded rock bodies and 
along unconformities underlying locally deposited 
favorable host rocks. In orogenic belts native silver 
and nickel-cobalt arsenide deposits have formed at 
such sites as intersection of fracture veins with 
flat crushed zones in gneiss or in preferred host 
rocks such as slate. 

Native silver and nickel-cobalt arsenide deposits 
range widely in size and tenor; individual veins 
have produced tens of thousands of tons of ore. 
Arsenic constitutes a significant part of the ore; 
carload lots of smelter-run material have run as 
high as 42 percent arsenic, but the average runs 
about 2—3 percent. 

Important producing areas include the Cobalt 
and Thunder Bay districts of Ontario, Canada 
(Lang and others, 1970, p. 210-215), the Annaberg 
and Schneeberg areas of the German Democratic 
Republic (Lindgren, 1933, p. 602-603), the Andreas- 
berg area in the Harz Mountains of the Federal 
Republic of Germany (Lindgren, 1933, p. 601-602), 
and the Kongsberg district, Norway (Vokes, 1960, 
p. 14-16). 

Native silver and nickel-cobalt arsenide deposits 
originally were considered to be derived from dia- 
base sills, either through differentiation and vein 
injection, or by diffusion and metasomatic fixation. 
It was later found, however, that some deposits are 
located where diabase sills are absent and that 
where deposits are located near sills, the sills were 
completely crystallized prior to vein formation. Re- 
cently, the restricted lateral and vertical extent of 
the veins has been interpreted to indicate that the 
metals were derived from the rocks either cut by the 
veins or in close proximity to the veins, rather than 
from a magmatic source. The only rocks sufficiently 
rich in copper, nickel, and cobalt to supply the metals 
are greenstone and black pyritic rock interbeded 
with greenstone. It is theorized that these metals and 
other relatively rare metals, including arsenic, mi- 
grated by diffusion through a static water medium 
to favorable structural or stratigraphic depositional 
sites (Lang and others, 1970). 


ARSENICAL GOLD DEPOSITS 


Arsenical gold deposits occur in the broad shield 
and lesser areas of Precambrian rock and in oro- 
genic belts. 

The lithologic characteristics of the Precambrian 
terranes differ in detail but are alike in general. 
Precambrian arsenical gold deposits are mostly in 
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or associated with felsic voleanic and related in- 
trusive rocks including dacite, andesite, and basalt 
or their altered equivalents. A few are hosted in 
metamorphic rocks including quartzite and schist. 

The orogenic belts are mostly post-Precambrian 
sedimentary voleanic and metamorphic rocks which 
have been structurally deformed and intruded by 
great masses of granitic rock. Arsenical gold de- 
posits in orogenic belts occur in a variety of sedi- 
mentary and volcanic rocks and are associated with 
felsic and intermediate intrusive rocks. 

Arsenical gold deposits commonly contain native 
gold in quartz and (or) sulfide minerals. Arsenic 
occurs only in arsenopyrite in most deposits, but in 
some deposits léllingite also occurs. Arsenopyrite is 
commonly accompanied by pyrite and (or) pyrrho- 
tite, which together may be as much as ten times 
as abundant as arsenopyrite. Other sulfide minerals 
that may be present include chalcopyrite, galena, 
tetrahedrite, and sphalerite. Scheelite and wolfram- 
ite occur rarely in some deposits. Sulfarsenide min- 
erals are known but are extremely rare in arsenical 
gold deposits. 

Gangue minerals, except for quartz, which is gen- 
erally present, differ from deposit to deposit and 
include ankerite, albite, and tourmaline. 

Most deposits occur as replacement veins in or 
around rock that has been fractured or sheared by 
faulting. Some deposits are simple in form and 
occur as single persistent veins that are planar or 
more commonly curvilinear and of even thickness, 
whereas others are complex and occur as swarms of 
lenticular veins, which extend short distances. De- 
posits which were initially simple in form but which 
underwent subsequent deformation occur in con- 
torted pipelike or ribbonlike bodies, reflecting the 
complexity and intensity of deformation. Sulfide 
minerals in some deposits are evenly disseminated 
through the vein, whereas in others they are re- 
stricted to lenses or pods. 

Arsenical gold deposits characteristically are 
structurally controlled and commonly occur on or 
along fractured or sheared rock. Some, although 
obviously emplaced on fault-related structures, are 
more numerous where the structures transect a 
particular rock type such as schist, suggesting that 
the mineralizing process was sensitive to subtle dif- 
ferences in rock chemistry. 

The arsenic content of these deposits differs 
markedly; most deposits within an area or district 
may contain but a fraction of a percent arsenic, 
whereas others within the same area or district may 
contain several percent arsenic. In some deposits 
the arsenic content is remarkably consistent, and 


the arsenic occurs in a fixed ratio with gold; in 
others, the arsenic content diminishes or increases 
from place to place disproportionately to gold. 
Arsenical gold deposits may contain as much as 20 
percent arsenic, but the average content is no more 
than 1 percent. 

Arsenical gold deposits range from hundreds of 
tons to several hundred thousands of tons of ore. 
The Jardine mine, Montana, between 1879 and 1942, 
produced more than 7 million tons of ore from which 
9 million pounds of arsenic was obtained, although 
this production was for only 8 years of the mine’s 
life. The average grade is estimated to be less than 
one-half of 1 percent. 


ARSENIC SULFIDE AND ARSENIC SULFIDE 
GOLD DEPOSITS 


Arsenic sulfide and arsenic sulfide gold deposits 
occur almost exclusively in orogenic belts and com- 
monly are associated with Tertiary intrusive igneous 
or voleanic rocks. Arsenic and mercury sulfide min- 
erals occur together in some deposits. Elsewhere the 
association is less intimate; deposits of arsenic, 
mercury, and antimony occur separately but display 
a regional zonal pattern which suggests a common 
genesis. Arsenic sulfide minerals are also abundant 
in some gold deposits. 

Host rocks include intermediate and felsic intru- 
sive and volcanic rocks, volcanic sedimentary rocks 
such as tuffaceous sandstone, and limestone and 
nonearbonate clastic rocks or their metamorphic 
equivalents. 

Arsenic sulfide deposits are characterized by real- 
gar and orpiment, almost to the total exclusion of 
other arsenic minerals. Some small vein deposits 
are composed entirely of one or the other of these 
minerals. Composite deposits of arsenic sulfide min- 
erals and mercury contain stibnite, cinnabar, meta- 
cinnabar, calomel, and native mercury. Arsenic 
sulfide gold deposits have a more complicated min- 
eralogy; in addition to realgar and orpiment, they 
contain pyrite, pyrrhotite, marcasite, arsenopyrite, 
chalcopyrite, scheelite, molybdenite, sphalerite, cin- 
nabar, stibnite, native arsenic, and native gold. The 
gangue minerals include quartz, fluorite, barite, 
alunite, sericite, and leverrierite. 

Many arsenic sulfide deposits occur as veins that 
fill fractures and may be tens to hundreds of feet 
long but which are commonly narrow, generally a 
few inches to 1 foot thick. Other deposits occur in 
breccia zones which extend hundreds of feet along 
strike and dip and are as much as several feet 
thick. In these deposits, the arsenic sulfide minerals 
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form a part of the cement around the breccia frag- 
ments. 

Arsenic sulfide gold deposits occur in vein systems 
that comprise numerous ore shoots. Such veins mea- 
sure thousands of feet in length and several hundred 
feet along the dip, and range in thickness from a few 
feet to 200 feet. Lenses of realgar and stibnite as 
much as 20 feet long and 4 feet thick occur in some 
of the ore shoots. 

Both arsenic sulfide and arsenic sulfide gold de- 
posits are controlled by such structural features as 
fractures, shear zones, or other fault-related struc- 
tures. The deposits occur as fissure fillings and large- 
scale replacements. In some deposits or in the deeper 
parts of some deposits, replacement was nonselec- 
tive and all strata transected by the veins were 
affected, whereas elsewhere replacement was selec- 
tive. Some deposits in volcanic terranes may have 
been concentrated along the contact of rocks of 
different permeability. 

Arsenic sulfide deposits are small and range from 
those which have produced a few tens of tons of ore 
to those which have produced a few thousands of 
tons. Some of the ore contains as much as 20 percent 
arsenic but averages only a few percent. Arsenic sul- 
fide gold deposits have yielded tens of thousands and 
hundreds of thousands of tons of ore; arsenic in 
these deposits was recovered as a byproduct and con- 
stituted a small fraction of the ore, averaging not 
more than 1 percent. 

Examples of arsenic sulfide deposits include sev- 
eral in the State of Washington (Shedd, 1924, p. 
51-55). The occurrence of arsenic sulfide minerals 
with mercury has been reported in Oregon (Brown 
and Waters, 1951, p. 234) and Alaska (Berg and 
Cobb, 1967, p. 89-94). Arsenic sulfide gold deposits 
are best exemplified in Nevada, where several de- 
posits of this type have yielded byproduct arsenic 
(Hewitt, 1968, p. 872-873; Nolan, 1935, p. 111, 151—- 
156). 

Arsenic sulfide deposits are generally considered 
to have come from sources deep within the crust 
but to have been emplaced fairly close to the surface 
at low temperatures. Their occurrence near centers 
of volcanic activity reflects the common source of 
mineralizing solutions and flow rocks, both of which 
are assumed to be differentiates of the same magma 
(Lindgren, 1933, p. 455). 


ARSENICAL TIN DEPOSITS 
Arsenical tin deposits occur mostly in orogenic 
belts, but they occur sparsely in Precambrian ter- 
ranes. The deposits are closely associated with gra- 
nitic stocks or batholiths, are commonly emplaced 


in such bodies or close to their peripheries, and are 
most numerous near the cupolas or summit areas 
of the granitic bodies. 

Arsenical tin deposits also are emplaced in a 
variety of sedimentary rocks (sandstone, shale, and 
limestone), in metamorphic rocks (schist, gneiss, 
and slate), and in older granitic rocks. No one host 
rock seems to be more favorable than another. 

The ore minerals commonly are cassiterite, native 
bismuth, bismuthinite, arsenopyrite, and wolframite 
and lesser amounts of chalcopyrite, pyrite, pyrrho- 
tite, galena, and sphalerite. Hematite, magnetite, 
and ilmenite occur rarely. The gangue minerals are 
quartz, which is most abundant, fluorite, lepidolite, 
topaz, tourmaline, apatite, axinite, and, rarely, beryl 
or orthoclase. Cassiterite is the principal ore min- 
eral. Arsenopyrite is the only arsenic mineral in 
this type of deposit. 

Arsenical tin deposits occur in veins and pipes. 
The veins occur in simple planar or undulous form. 
Some occur in braided systems; others are very ir- 
regular and occur in stockworks. They may be as 
much as 3 miles long, as much as 3,000 feet in ver- 
tical extent, and a few inches to several tens of 
feet thick. They formed by filling of open fissures 
and replacement of wallrock. 

The pipes are roughly circular in plan, range 
from several tens of feet to more than 100 feet in 
diameter, and are several hundreds of feet in ver- 
tical extent. The ore in some pipes is disseminated, 
and the walls are indefinite; in others, the contact 
of ore and wallrock is well defined. In some pipes, 
arsenopyrite occurs in segregated masses. 

Vein deposits of arsenical tin occur in fissures 
which formed in the chilled shell of congealing gra- 
nitic plutons and extend into the adjoining country 
rock. Faulting took place along some of the fissures 
during mineralization, with the result that composite 
veins developed. 

Some pipe deposits developed along shear zones or 
other structures, but other deposits do not appear 
to be located on preexisting structures. It is theor- 
ized they were emplaced explosively in the manner 
of diatremes and were initiated at points of incipi- 
ent fissuring during a period of extraordinarily 
high pressure. 

The size of arsenical tin deposits ranges from 
hundreds of tons to hundreds of thousands of tons. 
The early mined veins, lodes, and pipes were of 
relatively high tenor, averaging several percent, but 
because of their depletion, larger but lower tenor 
deposits are now being worked. The arsenic content 
of the deposits ranges from a fraction of 1 percent 
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to as much as 2 percent and is estimated to average 
not more than 0.2 percent. 

Examples of arsenical tin deposits include the 
Aberfoyle mine, Australia (Connolly, 1953), the 
Stavoren Fides tin mines, Republic of South Africa 
(Union of South Africa Department of Mines, 
Geology Survey, 1959), the Lost River mine, Alaska 
(Sainsbury, 1964, p. 25), and the mines of the 
Uncia area, Bolivia (Ahlfeld, 1931, p. 248). 

Tin and arsenical tin deposits are generally be- 
lieved to be products of high-temperature solutions 
charged with fluorine and boron which acted as 
strong solvents for metals such as tin and tungsten. 
The solutions originally constituted a part of the 
magma, but as the magma cooled, they separated, 
and subsequently, where fissures developed in the 
chilled periphery of the magma body, they escaped. 
The escaping solutions reacted with the fissure walls 
in the chilled envelope and country rock to form 
deposits containing fluorine and boron minerals and 
cassiterite (Ferguson and Bateman, 1912). 


OTHER DEPOSITS 


Other types of arsenical deposits are known but 
are not promising as significant sources of arsenic. 
The types are arsenical quartz, silver, and lead-zinc 
deposits. 

Arsenical quartz deposits are commonly in veins 
composed of quartz with arsenopyrite and pyrite 
and, rarely, minor amounts of other sulfide minerals 
and gold. The arsenical quartz veins represent an 
early stage of a complex base- and precious-metal 
mineralization but commonly were emplaced sepa- 
rately from the main-stage ore. They are known in 
orogenic belts and Precambrian terranes. They are 
estimated to contain less than 1 percent arsenic. 

The arsenical silver deposits described in the lit- 
erature occur in Precambrian schist in vein systems 
as much as 1 mile long and more than 1,000 feet 
wide. The ore includes silver sulfide and sulfosalts, 
pyrite, arsenopyrite, and very minor amounts of 
chalcopyrite and gold. The deposits occur in the 
Randsburg district of Kern and San Bernardino 
Counties, Calif. (Stewart, 1957, p. 529-530). De- 
posits of this type may average as much as a few 
tenths of 1 percent arsenic. 

Arsenical lead-zine deposits are sparse and as a 
type are best characterized by the Sullivan mine in 
the Kootenay district of British Columbia (Scho- 
field, 1915, p. 107-108, 181-133; Little and others, 
1968, p. 504-505). This deposit formed by replace- 
ment of argillitic beds in Precambrian quartzite. 
The ore minerals are galena, sphalerite, pyrite, pyr- 
rhotite, magnetite, cassiterite, arsenopyrite, jame- 


sonite, and boulangerite. The core of the deposit 
is composed of pyrite and pyrrhotite. Around the 
core is a zone relatively rich in lead, silver, tin, and 
arsenic, and outward from it is a zone rich in zinc 
and antimony. Deposits of this type, although large 
producers of base metals, are not sufficiently numer- 
ous or rich enough in arsenic to be considered a 
significant arsenic source; they probably average 
less than one-half percent arsenic. 


RESOURCES 


IDENTIFIED AND HYPOTHETICAL RESOURCES 


Arsenic resource estimates are based on a limited 
amount of data. Arsenic has been or is almost en- 
tirely obtained as a byproduct of gold, silver-nickel- 
cobalt, copper, or copper-zinc-lead deposits. The 
content of arsenic in such deposits is, with few ex- 
ceptions, only generally known. The arsenic is re- 
claimed from mill and smelter wastes, and produc- 
tion data are available from only a few deposits. 
Further, because arsenic is a byproduct, the esti- 
mate of arsenic resources is in part dependent on 
estimates of the resources of the primary commodi- 
ties and, more importantly, on an understanding of 
the relation of arsenic to them. 

The data base, weak for arsenic resources within 
the United States, is even weaker for areas outside 
the United States and is almost nonexistent for 
countries of the Communist bloc. The resource data 
are shown in table 9. Resources are considered more 


TABLE 9.—World identified and hypothetical resources of 
arsenic, in short tons 


Identified Hypothetical 

resources ! resources 

United jStates®, 3° 2 eae ee ee 1,300,000 650,000 
North America exclusive of 

(Winited Statesmen 500,000 300,000 

South weAieni cae ees 3,000,000 2,700,000 
Eurasia (including insular 

areas of southeastern Asia) —-__ 10,100,000 8,450,000 

Africas Sou oar SE Rea. A FS 2,300,000 1,850,000 

‘Australiag (2 = Sau eee 400,000 350,000 

iWiorldistotal sea nares 17,600,000 14,300,000 


1]Identified resources: Specific, identified mineral deposits that may or 


may not be evaluated as to extent and grade and whose contained min- 
erals may or may not be profitably recoverable with existing technology 
and economic conditions. 

2 Hypothetical resources: Undiscovered mineral deposits, whether of re- 
coverable or subeconomic grade, that are geologically predictable as exist- 
ing in known districts. 


than ample to fill the expected demands until the 
year 2000. 

The assumptions that serve as a basis of treat- 
ment are as follows: of the gold resources, 5 percent 
are considered to be arsenical and to have an average 
ratio of arsenic to gold of 2,000:1; of the resources 
of copper and copper-zinc-lead, 15 percent are con- 
sidered to be arsenical with a ratio of arsenic to 
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copper of 1:50; of the resources of cobalt, 3 per- 
cent are considered to be arsenical with an average 
ratio of arsenic to cobalt of 2:1; and of the tin 
resources, 10 percent are considered to be arsenical 
with an average ratio of arsenic to tin of 10:1. 

Several factors stemming from the relation of 
arsenic to primary metals are considered when cal- 
culating the various arsenic-metal ratios. For ex- 
ample, arsenic does not occur in placer deposits of 
gold or tin or in gold deposits hosted by Precam- 
brian conglomeratic sandstone. Gold placer deposits 
can be disregarded for they are a relatively small 
source of gold and the absence cf arsenic from them 
is of little account in the estimate, whereas tin 
placer deposits are an important source of tin and 
the absence of arsenic from them seriously affects 
the estimate. Gold deposits in ancient conglomeratic 
sandstone deposits are the most important source 
of gold, and the absence of arsenic from them dras- 
tically affects the estimate. The ratio of arsenic to 
cobalt was weighted to favor arsenic in order to 
account for the additional arsenic that is combined 
with nickel, copper, and iron in native silver and 
nickel-cobalt arsenide deposits. Lateritic deposits of 
nickel and cobalt are disregarded as sources of 
arsenic. Such deposits may have in part been de- 
rived from primary deposits of native silver and 
nickel-cobalt arsenides, but arsenic apparently es- 
caped in the weathering process. 

The resource figures for arsenic shown herein 
were largely derived from data for gold, copper, and 
other base metals published in other chapters of this 
volume. Each of the continental areas is assumed to 
contain sufficient resources of some of the more 
important types of arsenic-bearing deposits so that 
general estimates accurate within an order of mag- 
nitude can be made. The hypothetical resources of 
arsenic are estimated to be equal to the total of 
identified resources of arsenic occurring with base 
metals plus one-third the identified resources of 
arsenic occurring with the gold. 

Arsenic is currently produced in about 25 coun- 
tries. The types of arsenic-bearing deposits and the 
countries in which they occur are shown in table 10. 


SPECULATIVE RESOURCES 


Arsenic deposits which may form by the mobiliza- 
tion, concentration, and redeposition of arsenic in 
favorable geologic environments could be an addi- 
tional resource of arsenic. 

Most of the arsenic or arsenical deposits that have 
been discussed here are types which were derived 
from magmatic or magma-related sources; a few, 
however, were derived from adjoining host rocks. 


TABLE 10.—Types of arsenic deposits of the world 


Type of deposit Areas 
Enargite-bearing copper- United States, Argentina, Chile, 
zine-lead deposits. Peru, Mexico, Republic of the 
Philippines, Spain, Yugoslavia, 
U.S.S.R 


Arsenical pyritic copper United States, Sweden, Federal 
deposits. Republic of Germany, Japan, 
France, U.S.S.R. 

Canada, Norway, German Demo- 
cratic Republic, Czechoslovakia. 


Native silver and nickel- 
cobalt arsenide-bear- 
ing deposits. 

Arsenical gold deposits __ United States, Brazil, Canada, 
Republic of South Africa, 
Australia, U.S.S.R. 

United States, People’s Republic 
of China. 


Arsenic sulfide and 
arsenic sulfide gold 
deposits. 

Arsenical tin deposits __ United States, Bolivia, Australia, 

Indonesia, Malaysia, Republic 
of South Africa. 


Studies of ancient rock terranes show that certain 
types of ore deposits are broadly related to certain 
rocks, and studies of sulfur isotopes indicate that 
metals in disseminated sulfide minerals in the sur- 
rounding rocks were the likely source of metals con- 
centrated in the ore deposits. The metals were mo- 
bilized when sufficiently energized and then moved 
by diffusion through the rock and accumulated in 
favorable structures. 

Under local favorable conditions in areas where 
the rock has a high arsenic content, arsenic or 
arsenical deposits might be found. Geochemical 
studies show that shale averages 5-15 ppm arsenic 
and that sulfide-rich organic shale of marine origin 
contains even greater amounts. Although organic- 
rich shale is widespread and has formed in many 
geologic periods, the number of ore deposits found 
in it is few. The few that have been found may have 
formed under exceptional circumstances in which 
metals became highly concentrated in sea water. 
Rather than investigate organic-rich shale units on 
a broad basis, efforts should be concentrated on 
areas that have been subjected either to extreme 
structural deformation and (or) to metamorphism 
or that have been intruded by large bodies of igne- 
ous rock. In such areas, the metals may have been 
mobilized and concentrated in favorable structural 
settings. These areas are likely to be regional in 
scope and to be recognizable from stratigraphic, 
structural, and other geologic relationships. Such 
areas include parts of depressed belts or geosyn- 
clines, which are the locales of organic-rich marine 
shale. Other such areas include ancient crystalline 
terranes where graphitic schist, the metamorphic 
equivalent of organic-rich shale, is present. 

The amount of arsenic in organic shale is esti- 
mated to total about 10" tons; if as much as 0.01 
percent of this arsenic is concentrated in minable 
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deposits, about 10 million tons should be a recover- 
able resource. 


PROSPECTING TECHNIQUES 


Arsenic has not been and is not a sought-after 
commodity; it is produced as a byproduct of other 
commodities—gold, silver, or copper—and conse- 
quently, no prospecting endeavor has been aimed 
solely at finding it, although techniques suitable for 
finding other commodities are well suited for find- 
ing it. 

Some small arsenic deposits containing realgar or 
arsenopyrite were no doubt found by recognition of 
the ore minerals or their gossans in place, in float, 
or in stream gravels. The Boliden arsenical copper 
deposit in Sweden was found by an electrical geo- 
physical method following the discovery of sulfide 
boulders in till which blanketed the region. Arsenic 
in soils and stream sediments may be detected by 
geochemical methods and has been used as a guide 
to other metals, including cobalt, tungsten, gold, 
and silver; as such, it can be used as a guide to 
arsenical metal deposits. Its mobility, however, is 
restricted by the presence of high iron in soils and 
stream sediments. 


PROBLEMS FOR RESEARCH 


Because arsenic historically has been sufficently 
abundant to meet human needs and has been ob- 
tained almost wholly as a byproduct of other com- 
modities, it has not been intensively studied. The 
ever-persistent problem of supply of most other 
commodities will eventually include arsenic. Re- 
search is needed so that the geologic relations of 
arsenic can be better understood and guides can be 
found for the discovery of new deposits. 

Much fundamental background knowledge on 
arsenical deposits is needed. Arsenic minerals which 
occur in many ore deposits are reported only in a 
cursory manner, and only rarely are estimates of 
their proportions to the associated metals given. 
Also the relationship of arsenic to primary or host 
commodities needs additional study. Arsenic occurs 
randomly with several metals including gold, cop- 
per, and tin, but its occurrence with these metals 
is not fully understood. Further study might make 
possible more accurate predictions of the occurrence 
of arsenic with these metals on a districtwide or 
regionwide scale. 
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ABSTRACT OF CONCLUSIONS 


The fibrous silicate minerals grouped in commerce under 
the term “asbestos” are essential to modern technology in 
certain relatively low-volume uses. Asbestos-cement products 
consume 70 percent of world output, and expanded demand 
in this field is anticipated. Universally, asbestos-cement build- 
ing materials are especially suited for new construction of 


housing and industrial plants; in industrial nations the 
asbestos-cement pipe for use in sewage and water systems 
is in particular demand. The United States is the principal 
fabricator and consumer of asbestos products and currently 
imports 85 percent of the raw asbestos needed to sustain 
its large industry. 

Chrysotile asbestos constitutes 93 percent of world asbestos 
trade, and Canada has been the principal supplier of world 
needs since asbestos was first used on a large scale. Canada 
continues to have the largest reserves of chrysotile, and its 
fields hold the greatest promise of any in the Americas for 
finding additional resources. Since World War II, the 
U-S.S.R. has increased its chrysotile-asbestos-producing fa- 
cilities and has found resources to approach those of Canada. 
Ninety percent of world resources of chrysotile are in 
Canada, Russia, and the nations of southern Africa. 

Crocidolite and amosite make up about 342 and 2% per- 
cent, respectively, of world asbestos commerce; anthophyllite, 
tremolite, and actinolite apparently make up only a fraction 
of 1 percent. Most of the world reserves, and the only sources 
currently exploited, of crocidolite (blue) asbestos are in the 
Transvaal and Cape Provinces of the Republic of South 
Africa. The only source of amosite is in the Transvaal. 
Domestic resources of anthophyllite and tremolite, little used 
in the United States, are apparently adequate for U.S. 
needs. 


INTRODUCTION 


The geologic potentials for asbestos resources 
most likely to be available for consumption in the 
United States during the next several decades are 
the prime concern of this report. Technologic aspects 
necessary to a general understanding of the asbestos 
industry are not discussed here except as required 
to define terminology peculiar to the commodity. For 
those who wish to delve further, review articles 
that cover all facets of the industry are cited; 
where available, recent reports that update the re- 
views are also noted. A selected bibliography of 
asbestos literature extant as of 1955 is available 
(Avery and others, 1958), as is a map showing the 
location of asbestos occurrences in the contermin- 
ous United States (Chidester and Shride, 1962). 
For general background two review articles by 
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Jenkins (1949, 1960), which are complementary in 
their coverage, are recommended. Condensed com- 
parisons of worldwide scope of subjects such as 
mining and milling methods, grading and classifica- 
tion, and production and consumption trends have 
been furnished by Bowles (1959). Updated discus- 
sions of trade and use trends are available in two 
articles in Industrial Minerals (1970a, b). 


DEFINITION AND PROPERTIES 


“Asbestos” is a term applied in commerce to 
naturally fibrous silicates that are amenable to 
mechanical separation into fine filaments of con- 
siderable tensile strength and flexibility; these 
fibers have, by virtue of unique combinations of 
physical and chemical properties, a great variety 
of industrial uses. Manmade fibers and naturally 
occurring organic fibers do not possess the full range 
of properties inherent in asbestos, and thus—at 
best—can be substituted only partially for the min- 
eral fibers (Carroll-Porezynski, 1958). Chrysotile, 
the fibrous form of serpentine, constitutes about 93 
percent of world asbestos production. The other 
five asbestiform minerals ordinarily used are am- 
phiboles. In order of quantities consumed, they are: 
crocidolite and amosite, which respectively make up 
about 3144 and 214 percent of asbestos commerce; 
anthophyllite and tremolite which probably make 
up only a fraction of 1 percent of the asbestos used; 
in recent decades, actinolite, the least used, has 
seldom been given note in the trade. These use ratios 
mainly reflect desirable physical properties; croci- 
dolite and amosite do have particular properties that 
would favor greater use if they occurred more uni- 
versally and in larger amounts. 

The properties primarily of concern in evaluating 
asbestos as to ultimate use are: (1) flexibility, (2) 
length of fiber, (3) tensile strength, (4) chemical 
reactivity, (5) resistance to heat, (6) electrical 
conductance, and (7) filtration characteristics. (See 
Badollet, 1951 and 1953, for comparative properties 
of asbestos species.) The use of a given lot of asbes- 
tos is governed by acceptable properties which are 
determined largely by fiber length. The longest fibers 
demand the highest prices and the shorter grades 
progresively are lower in value. (In recent years 
soft chrysotile fibers 34-inch long have sold for 
$1,500-$1,600 per ton, whereas the shortest grades 
have brought $50-$100 per ton.) Thus, asbestos 
should be separated from the parent rock, fiberized, 
and classified by length with attention given to a 
minimum of breakage. 

By virtue of variations in physical properties, a 
given mineral is put to very different uses. Soft, 


silky chrysolite of adequate length fabricates into 
textiles. The same fiber, because it forms a slurry 
that can be dewatered only slowly, is unsuitable for 
processing as the binder in cement products. Harsh- 
ness—that is, resilience like a broomstraw when 
flexed—makes chrysotile very unsuitable for textile 
use but greatly enhances the manufacture of chryso- 
tile into asbestos-cement products. Some desirable 
combinations of properties are limited in occur- 
rence. An example of strategic concern is textile- 
quality chrysotile of low iron content for heat- 
resistant electrical insulation. Physical characters 
ordinarily overlooked can be significant. Resources 
recently developed near Coalinga, Calif., are illustra- 
tive. For decades large parts of an extensive ser- 
pentine mass in this area had been recognized in 
the form of minutely sheared incoherent leathery 
flakes, quite lacking resemblance to typical asbestos 
ores. On appraisal in the late 1950’s, the flaky ma- 
terial proved to contain high proportions of micro- 
scopic fibers, all of the shortest lengths ordinarily 
recovered in the processing of ordinary ores. Fur- 
ther, these fibers had special attributes of being 
superior in whiteness—thus being particularly 
suited as binders for floor tiles—and of capacity to 
absorb hydrocarbons. 


USES 


Asbestos is widely stated to be a constituent in at 
least 3,000 manufactured products. It is a particu- 
larly critical material in friction materials and in 
electrical insulation, where resistance to moisture, 
flexure fatigue, and abrasion and a capacity to 
absorb resins can be as important as heat and flame 
resistance. Asbestos is important as an abrasion- 
and corrosion-resistant binder or reinforcing mate- 
rial in products made of rubber or plastic and mixed 
with lubricants or other compounds used in packings 
or gaskets, where an inert material is required ow- 
ing to exposure to superheated steam, acids, alkalis, 
oil, or seawater. Laminated as paper or in textiles, 
it is fabricated into products that are immune to 
attack by fungus, bacteria, or vermin and that are 
not affected by alternate wetting and drying. Asbes- 
tos fibers can be finely divided; and, separated in 
optimum degrees, they are superior inert mediums 
for filtering gases and liquids. This partial listing 
only superficially indicates the many asbestos- 
bearing products essential to our modern way of 
life; actually such products account for less than 
one-third of asbestos consumption. 

About 70 percent of U.S. and world consumption 
of asbestos is in asbestos-cement products. Indeed, 
the demand for shingles, roofing, wallboard, flat and 
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corrugated sheets, and pipe is increasing more 
rapidly than that for other asbestos products. Since 
World War II, new asbestos-cement plants have been 
built throughout the world. Most of the lesser in- 
dustrialized nations, as well as many of the emerg- 
ing nations, now have manufacturing facilities. The 
lack of a domestic or nearby source of asbestos is 
no great deterent to this trend, because processed 
asbestos makes up only 15-20 perecnt of the locally 
finished product, which is competitive in cost for 
low-cost housing and is universally suitable as build- 
ing material. In the United States, the demand for 
asbestos-cement pressure pipe, mainly for use in 
sewage and water systems, has increased even more 
rapidly than the need for other asbestos-cement 
products. The demand in Europe, where such pipe 
was used extensively long before it came into com- 
mon use in the United States, is also increasing. 
Thus, the demand for the medium- to short-length 
chrysotile fibers (groups 4, 5, and 6—see Bowles, 
1959, or Jenkins, 1960, for summary of classifica- 
tions commonly in use) and equivalent crocidolite 
and amosite fibers is bound to escalate wherever 
population or industrial expansion occurs. Demand 
in the United States is likely to keep pace, as long 
as per capita consumption of water increases and 
pollution control forces the construction of more 
sophisticated sewage disposal systems. 

Actually, perhaps at least half of the remaining 
30 percent of asbestos consumed is also keyed to the 
construction industry. In the United States, floor 
tiles account for 10 percent of consumption; paints, 
electrical insulation, steam-pipe coverings, and other 
low-volume uses probably account for several per- 
cent. 


EXPLOITATION 


Asbestos was first produced in Quebec in 1878, 
and within a few years this source dominated world 
production. The firm establishment of an asbestos 
fabricating industry and markets in America by 
1900 awakened interest in asbestos mining through- 
out the world. By 1910, notable asbestos-mining 
facilities had been established in the countries that 
since have become the centers of world production. 
Although asbestos occurrences are widely dispersed 
throughout the world, and mining is recorded at 
several widely separate localities on every continent 
except the polar landmasses, most of world produc- 
tion has been from three areas. In order of pro- 
ductivity these are: (1) Canada, (2) the U.S.S.R., 
and (3) the southern Africa fields centered mainly 
in Rhodesia and the Transvaal and the Cape Prov- 
inces of the Republic of South Africa, but with sig- 


nificant increments from one district in Swaziland. 
Before 1950, 90-95 percent of the reported world 
annual production was from these three areas. In 
1968, they furnished about 84 percent; the United 
States, Italy, and mainland China probably pro- 
duced another 10 percent, and 17 other nations 
accounted for most of the remainder. 

The dominance of Canada in the asbestos trade is 
apparent in several ways. The largest asbestos mines 
and mills in the world are in Quebec; as a conse- 
quence, specification standards that affect commerce 
are in great part determined there. Before the mid- 
1950’s, more than half of world production was in 
Canada; and for several years, output from Canada 
exceeded 60 percent and even approached 70 percent 
of world supply. Despite a 65-percent jump in pro- 
ductivity since 1950, Canadian shipments have been 
increasing at a lower rate than total world produc- 
tion; consequently, Canada has accounted for about 
45 percent of the annual total in recent years. 
Canada consumes less than 5 percent of its output, 
and in supplying raw asbestos to more than 80 
countries it accounts for 70-75 percent of world 
exports. Russia, the second largest producer and the 
only nation that is both a large producer and a 
large consumer, during recent years has exported 
about 15 percent of its production, mainly to eastern 
European nations. Until recently Rhodesia was the 
second largest exporter of asbestos to the Western 
World. 

The United States has long been the principal 
fabricator and consumer of asbestos products, but 
has always been dependent on imports of raw asbse- 
tos to sustain its large industry. During many years 
prior to 1955, the United States consumed 45-55 
percent of world output and domestic sources sup- 
plied only 3-8 percent of annual requirements. With 
the larger scale production of short chrysotile from 
California that started in 1962, domestic production 
more than doubled and current annual output of 
125,000—-130,000 tons represents about 15 percent 
of United States consumption. Before this increase, 
in terms of tonnage, 90—96 percent of United States 
imports was chrysotile asbestos from Canada, and 
these imports represented 70-75 percent of Cana- 
dian production. Thus, for a considerable time, as 
shown in figure 9, United States consumption was 
reflected in the Canadian production record. Before 
1950, Rhodesia furnished most of certain textile 
grades of chrysotile. 

The United States is wholly dependent—as are 
all nations—on the Transvaal for amosite asbestos 
and on the Transvaal and Cape Provinces of South 
Africa for all but a small part of crocidolite (blue) 
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asbestos needs. The American asbestos-cement in- 
dustry has become particularly reliant on crocidolite 
because a small content of these fibers blended with 
chrysotile facilitates manufacture. For several dec- 
ades there was speculation that large resources of 
crocidolite existed in the remote Hammersley Range 
of Western Australia. The first significant mining 
of these deposits began in 1947; concurrently inten- 
sive exploration was done through large parts of an 
area about 200 miles long by 75 miles wide. Ore 
seams were found to be thin and not generally ex- 
tensive, and continuity was difficult to predict. 
Crocidolite mining was recessed in 1966, apparently 
because the readily won resources had been largely 
depleted. Some 400,000 tons of crocidolite are out- 
lined to be recovered when access and other circum- 
stances are more favorable. Submarginal resources 
of crocidolite have been estimated at 2 million tons 
(Trendall and Blockley, 1970). Thus, some doubt 
exists that the Australian crocidolite resources can 
significantly supplement those of the Republic of 
South Africa. 

Since 1940, the increase in worldwide demand for 
asbestos has been exceptional; more remarkable has 
been the ability of the industry to discover and 
rapidly develop resources to keep pace. These events 
are in part depicted on figure 9. Between 1940 and 
1950, U.S. consumption doubled, paralleling the 
world trend, then leveled to average about 750,000 
tons annually. With the impetus provided by the 
postwar escalation of production capacity and in 
view of the potential created by universal acceptance 
of asbestos-cement products, Canadian producers 
successfully searched out new markets and contin- 
ued to increase production, thus breaking the long- 
established pattern of production parallel with 
U.S. consumption. 

While Canada increased production by more than 
400 percent, from 375,000 tons in 1940 to 1,650,000 
tons in 1970, similar expansion occurred in the 
other major producing areas. Data for the U.S.S.R. 
are scant; therefore, the production record shown 
on figure 9 is incomplete. Nonetheless, the order of 
the increase in U.S.S.R. production, from 100,000 
tons in 1940 to 1,150,000 tons in 1970 is of the cor- 
rect magnitude. With due allowance for exports, 
consumption of asbestos in the U.S.S.R. may have 
reached a par with U.S. consumption during the late 
1960’s. Rhodesian production of chrysotile asbestos, 
about 58,000 tons in 1940, apparently tripled by the 
late 1960’s. In the Republic of South Africa, where 
chrysotile makes up about 15 percent, amosite about 
a third, and crocidolite something over half the out- 
put, production increased from 27,400 tons in 1940 
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FIGURE 9.—World production, production from major sources, 
U.S. production and consumption of asbestos, 1920-70. 


to about 280,000 tons in 1970. South African output 
surpassed Rhodesia production for the first time in 
about 1950. Several nations that mined only small 
amounts of asbestos or mined only sporadically also 
have expanded production to significant tonnages in 
recent years. 


GEOLOGY 
MODES OF VEIN OCCURRENCE 


Asbestos occurs as cross-fiber veins, in which the 
parallel fibers are about normal to the vein walls; 
as slip-fiber, in which fibers lie in near-parallel ar- 
rangement, commonly somewhat matted together, 
along the plane of the vein—commonly also an obvi- 


ASBESTOS 67 


ous plane of slippage; or as mass-fiber, which is an 
aggregation of variously oriented fibers or stellate 
groups of radially arranged fibers. Most cross-fiber 
veins are split by one or more partings about paral- 
lel to vein walls; as a result, most of the fibers of 
this mode of occurrence are considerably shorter 
than vein width. Asbestos of the cross-fiber mode is 
the type most readily separated from enclosing rock 
and prepared for use. Slip-fibers may be of consid- 
erable length and flexibility, but commonly present 
difficulties in preparation. Chrysotile, crocidolite, 
and amosite occur mainly as the cross-fiber type. 
Some slip-fiber is found in most chrysotile deposits, 
and from a few it is the principal type recovered. 
The remaining asbestiform amphiboles—anthophy]l- 
lite, tremolite, and actinolite—occur mainly as mass- 
fiber or slip-fiber, are least amenable to separation, 
and commonly are brittle or weak and therefore 
limited in use. The rare deposits that do include 
these minerals as strong flexible fibers in cross-fiber 
veins contain them in very small amounts. 


GENERAL SETTINGS 

Chrysotile asbestos the world over occurs in two 
geologic settings of different type. Chrysotile is 
won mainly from large stockworks of veins in ser- 
pentinized peridotite, pyroxenite, and dunite, col- 
lectively termed “serpentinites.” From some of their 
prime occurrences these deposits can be termed the 
“Quebec type.” Chrysotile asbestos is mined sec- 
ondarily from deposits of the Arizona type, in which 
the veins are confined to thin serpentine layers in 
limestone. 

Anthophyllite and tremolite asbestos deposits oc- 
cur in ultramafic intrusions and in associated green- 
stones and amphibolites; thus, their gross geologic 
setting parallels that of the principal chrysotile de- 
posits. The deposits are small and erratic in distri- 
bution and in character of fibers. 

Crocidolite and amosite occur only in certain fine- 
grained cherty ferruginous metasediments of the 
sort commonly designated “banded ironstones’ or 
“banded iron formation.” The banded iron forma- 
tions that host crocidolite occurrences are addition- 
ally distinctive in that aggregates of sodium-rich 
minerals occur in certain layers. Such geologic set- 
tings are known in only a few localities worldwide, 
and in still fewer places have geologic processes 
coincided in such a way as to bring about the forma- 
tion of crocidolite and amosite (Cilliers and Genis, 
1964). Locally in the northern Transvaal, amosite 
and crocidolite occur together (Cilliers, 1964). The 
only exploited deposit of crocidolite in the Western 
Hemisphere, and the only recognized potential 


source other than the South African and Australian 
occurrences previously mentioned, is in a remote 
part of east-central Bolivia. Reportedly, blue asbes- 
tos from Bolivia lacks tensile strength inherent in 
the crocidolite from other sources. 


CHRYSOTILE DEPOSITS IN MASSIVE SERPENTINITE 


REGIONAL SETTINGS OF PRINCIPAL 
NORTH AMERICAN DEPOSITS 


The zone of ultramafic rocks in the Appalachian 
belt of eastern North America is a prime example 
of the regional setting found wherever chrysotile 
deposits of the Quebec type exist. Hundreds of ultra- 
mafie intrusive masses, ranging from essentially 
concordant lenses and sills a few tens of feet wide 
and of no great length to thick irregular tabular or 
bulbous masses with maximum dimensions measura- 
ble in miles, are confined to a belt that is commonly 
less than 5 miles wide, that is only in a few places 
more than 25 miles wide, and that stretches north- 
east from Alabama to Newfoundland along a sinu- 
ous trace of more than 2,000 miles. This trace marks 
the site of an ancient fold mountain belt, which 
began as a eugeosynclinal trough that—starting in 
Late Ordovician time—accumulated a thick sequence 
of sediments, which were indurated, were invaded 
by intrusive masses, and were complexly folded. 
The belt was terminated as mountain terrane in 
Middle Devonian time. 

The ultramafic rocks of this and other asbestos- 
bearing belts are dominated by peridotite, but in- 
clude much dunite and pyroxenite. These ultramafic 
rocks are commonly much altered to form serpen- 
tinites, and are intricately juxtaposed with basaltic 
voleanics, diabase, and gabbro to make up complexes 
that have been termed “ophiolites.” The ophiolites 
of orogenic (mountain-forming) belts are generally 
designated as the “alpine type’ (Thayer, 1967). 
The genesis of the alpine-type ophiolites, and espe- 
cially the mode of transport and emplacement of the 
serpentinites, long has been the subject of spirited 
debate; the debate has been accelerated particularly 
during the last decade with the rapid evolution of 
concepts of global tectonics. Early workers regarded 
peridotite, pyroxenite, and dunite as rock types di- 
rectly crystallized from a magma; the lack of asso- 
ciated thermal metamorphism and other magmatic 
features ultimately forced the conclusion that alpine- 
type serpentinites were emplaced in their present 
host rocks at low temperatures and probably in the 
solid state (for review, see Chidester, 1962). Recent 
hypotheses—in various versions—propose that ser- 
pentinites represent slabs of ultramfic mantle ripped 
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from the base of the thin ocean crust and trans- 
ported tectonically to be emplaced along margins 
of the continents. Coleman (1971) reviews such con- 
cepts; Bailey, Blake, and Jones (1970) discus per- 
tinent ophiolites in California. Certain large alpine- 
type serpentinite masses are almost certainly sedi- 
mentary accumulations derived from tectonically 
transported mantle material (Lockwood, 1971). 

The restriction of asbestos-bearing terranes to 
short increments of the Appalachian belt is typical 
of most ophiolite belts. Veinlets of chrysotile may 
be seen sporadically in many ultramafic masses of 
the Appalachians. Until recently, the only minable 
concentrations were found along a 55-mile segment 
that trends northeast in the Eastern Townships of 
southeastern Quebec. (See Cooke, 1937; Riordon, 
1957.) Farther northeast, noteworthy prospects have 
been found; but only one major deposit, near Baie 
Verte on the north coast of Newfoundland, has been 
opened—and that only in the last decade. To the 
south, the Belvidere Mountain deposits of northern 
Vermont are the only minable deposits to lie outside 
the Eastern Townships, Quebec, interval. South in 
the Appalachian belt beyond Staten Island, N.Y., 
no chrysotile occurrances that would warrant more 
than cursory exploration seem to be present. 

A wholly separate ophiolite terrane of Precam- 
brian age is exposed widely in eastern Ontario and 
extends eastward into western Quebec. Large-scale 
chrysotile asbestos production in Ontario began 
with opening of the Munro mine in 1950. Since then, 
widely separate serpentinite masses in this older 
terrane have been targets of much exploration and 
of mine development which is still current. 

A longer, much broader, and structurally more 
complex belt of ultramafic bodies, emplaced during 
Mesozoic time, crudely parallels the Pacific Coast 
of North America. The best known interval is in 
California where numerous small to very large ser- 
pentinite masses occur (1) in the Coast Ranges from 
southern part of the State to southwestern Oregon, 
(2) to the east of the Coast Ranges across the Great 
Valley of central California in the western foothills 
of the Sierra Nevada, and (3) and in especially wide 
exposures in the Klamath Mountains of northwest- 
ern California (Bailey and others, 1964). Serpen- 
tinites of a presumed offset extension of the belt 
occur in east-central Oregon. Next seen in scanty 
occurrences east of Puget Sound along the Cascades 
of northern Washington, the belt continues north- 
northwest through central British Columbia and 
Yukon Territory to the vicinity of Dawson. Sub 
parallel to the British Columbia portion and 80-160 
miles west, along the panhandle of southeastern 


Alaska, is a separate noteworthy belt, 30 miles wide 
and almost 400 miles long, of zoned ultramafic bodies 
(Taylor and Noble, 1960). These bodies are little 
serpentinized and apparently lack chrysotile de- 
posits. The continuation of the main belt in an arcu- 
ate trend northwest and perhaps west an undeter- 
mined distance into central Alaska is poorly known. 
As yet, only a few large deposits of asbestos have 
been recognized in the Pacific belt. 


LOCALIZING FACTORS 


The succession of geologic events (Cooke, 1937; 
Riordon, 1957) that culminated in the formation of 
chrysotile deposits in southeastern Quebec is typical 
of events wherever large deposits occur. Two stages 
of serpentinization are recognized. The first stage 
was pervasive but incomplete and apparently oc- 
curred during initial cooling of magma or while 
solid ultramfic masses were being emplaced. Peri- 
dotite, which is the principal host for asbestos veins, 
and pyroxenite were only partly altered to serpen- 
tine; commonly, dunite segregations were converted 
rather thoroughly to serpentine. Much later, after 
or near the end of an episode of deformation that 
modified the structural disposition of the intrusive 
bodies, all ultramafic rocks in the vicinity of shear 
zones and associated faults and fractures were 
altered almost completely to serpentine. The stock- 
works of chrysotile veins that make up the deposits 
were formed during this second episode. A final epi- 
sode of hydrothermal activity resulted in the forma- 
tion of tale schist, steatite, and massive quartz- 
carbonate bodies. These materials are largely con- 
fined to major shear zones that transect the ser- 
pentinites and to sheared margins of the masses. 
In places, the asbestos was deleteriously altered by 
the tale-forming process. 

Most of the Quebec deposits border or contain 
small acidic intrusions which range from granite 
to albite syenite in composition. The parts of the 
ultramafic masses that border the granitic masses 
may be intricately fractured and thoroughly ser- 
pentinized. A few instances of chrysotile veining 
granite have been noted. These relations cause many 
investigators to believe that acid intrusions had a 
part in the genesis of chrysotile concentrations. This 
hypothesis is not universally upheld, however, prob- 
ably because many chrysotile deposits exist that do 
not show obvious association to granite. 

The location, form, and size of individual chryso- 
tile deposits in great part have been determined by 
the configuration of major faults and by the volume 
of peridotite affected by subsidiary faults and frac- 
tures; both of which in turn reflect the relative com- 
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petencies of contiguous rock units. Riordon and 
others (1957) provide descriptions that permit com- 
parisons of individual deposits. Major persistent 
shear zones in serpentinite are largely barren of 
asbestos; but stockworks of asbestos veins occupy 
intricately fractured rocks that border these shear 
zones. Similarly, thoroughly serpentinized aureoles 
adjacent to acid intrusions and completely altered 
dunite bodies tend to fail by shearing and flow; in 
response to the resultant stresses the more compe- 
tent peridotites adjacent to these masses developed 
and sustaind complex networks of open fractures in 
which chrysotile was formed. Where peridotite 
masses have considerable breadth, the chrysotile 
deposits commonly hug a margin of the peridotite 
mass, reflecting again the tendency for optimum 
fracturing to occur where contrasts in rock com- 
petency exist. Several of the larger deposits occur 
where an irregularity in the plane between peri- 
dotite and host rock influenced the trend and distri- 
bution of faults. Others occur in “wedges” of frac- 
tured peridotite where throughgoing shear zones 
converge along strike or dip. 


SIZE, SHAPE, AND ASBESTOS CONTENT 


Ore bodies are irregular in outline, may be erratic 
in asbestos content so that margins of ore bodies 
are sharp to ill defined, and range considerably in 
size. In Quebec, the minimum dimension of rudely 
ellipsoidal bodies is about 400 feet. Lenticular bodies 
are 200-2,500 feet thick and have maximum dimen- 
sions of 1,000—5,000 feet. Most of these bodies bot- 
tom at depths of 400-1,000 feet, but one major ore 
shoot extends to a depth of at least 1,800 feet. In- 
dividual deposits currently mined in Quebec origin- 
ally contained 10-200 million tons of ore. A very 
exceptional deposit, the site of the Jeffrey mine 
with production capacity since the mid-1950’s in 
excess of 500,000 tons of fiber per year, still has ore 
reserves on the order of 500 million tons. 

Asbestos content and quality vary. Most ore bodies 
are stockworks of cross-fiber veins; in some tabular 
bodies, veins, disposed in parallel, ribbon large parts 
of the serpentinized peridotite. Some cross-fiber 
veins are 6 inches or more thick, but all except a 
small proportion are less than 14 inch wide; ribbon- 
vein occurrences in particular may average much 
less. Thus, one deposit may consistently yield short 
fibers; whereas another yields various lengths. Simi- 
larly, some deposits are rather uniform in quality of 
fiber; others contain both harsh and soft fibers. 

Deposits with an overall asbestos content of 11-2 
percent have been mined; some deposits locally have 
contents as high as 25 percent; the typical occur- 


rence has an overall content of 5-7 percent. Thus 
the deposits are of sizes and proportions amenable 
to large-scale open-pit or underground mining meth- 
ods, and in some instances only large-scale opera- 
tions would permit the economic recovery of a 
range of variable ores. 


CHRYSOTILE DEPOSITS IN LIMESTONE 

The Arizona type of chrysotile deposit is made up 
of one or more tabular asbestos-bearing zones 6-8 
inches thick and of small areal extent. These tabular 
lenses were localized where cherty or otherwise sili- 
ceous magnesian limestones were metamorphosed 
adjacent to igneous intrusions—in most instances 
sill-form intrusions of gabbro or diabase. The 
Arizona-type deposits are mostly of small tonnage 
and are amenable to mining only by small-scale, 
high-cost methods; but the asbestos content of the 
ore is high, long fiber predominates, and low iron 
content is characteristic. Thus asbestos from the 
Arizona-type deposits can complement the short 
magnetite-rich chrysotile characteristic of most 
Quebec-type deposits. 


ASBESTOS RESOURCES IN NORTH AMERICA 


A review of exploration activities provides a 
basis for an optimistic view that many geologically 
favorable sites remain to be prospected and that 
known occurrences have not everywhere been widely 
or deeply enough explored. No attempt is made here 
to appraise asbestos resources outside North 
America. The following summation of the resources 
in the United States and contiguous areas (table 
11) is probably conservative. 


TABLE 11.—Chrysotile asbestos resources of North America, 
in short tons of fiber 


Identified 
resources ! 


Hypothetical 
resources * 


Canada) pease oes 70,000,000 35,000,000 
United States -________- $3,700,000 2,000,000 
MGs enh RR ee ee MUS OOLOOOHs Wits pes eee 


1Tdentified resources: Specific, identified mineral deposits that may or 
may not be evaluated as to extent and grade, and whose contained min- 
erals may or may not be profitably recoverable with existing technology 
and economic conditions. 

2 Hypothetical resources: Undiscovered mineral deposits, whether of re- 
coverable or subeconomic grade, that are geologically predictable as exist- 
ing in known districts. 

3 Exclusive of Group 7 resources in California, “United 
States.” 


see under 


CANADA 

Canadian production prior to 1950 was almost 
exclusively from the Eastern Townships of Quebec. 
Since 1950 the volume of reserves outlined in On- 
tario, British Columbia, Yukon Territory, New- 
foundland, and other parts of Quebec has increased 
steadily, and about 15 percent of Canadian produc- 
tion is from these sources. Considerable additions 
also have been made to the known reserves in the 
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Eastern Townships, and this established district 
contains at least three-quarters of identified Cana- 
dian reserves. Much of the terrane encompassing 
the more recently exploited deposits is yet to be 
evaluated geologically. Pending determination that 
the later developed asbestos-bearing areas are as 
consistently geologically favorable as the Eastern 
Townships belt, the latter must continue to be re- 
garded as the most promising area in the Americas 
for undiscovered resources. 

The first deposit opened in northern Ontario was 
depleted within 15 years, but other deposits in the 
general vicinity are taking its place, and continuing 
exploration provides promise for additional exploit- 
able resources in that area. The Precambrian ter- 
rane that is host to these occurrences is structurally 
complex and commonly poorly exposed, and the po- 
tential asbestos deposits require rigorous geologic 
study and extensive drilling programs for evalua- 
tion. None of the Ontario occurrences have yet been 
shown to have the potential of the larger deposits 
of the Eastern Townships belt. 

Occurrences elsewhere in eastern Canada do show 
promise of sustaining large-scale operations. Sig- 
nificant reserves have been outlined in Maizerets 
Township and near Chibougamau, respectively about 
300 miles northwest and north of Ottawa, and in a 
third deposit 800 miles farther north on the Un- 
gava Peninsula. If viable mining operations ma- 
terialize in these three widely separated localities 
in Quebec, they may well give the impetus to search 
out additional large resources in the Precambrian 
ultramfic terrane of the province. 

Soon after mining of the Advocate deposit, on the 
north coast of Newfoundland, began in 1963, a 
yield in excess of 60,000 tons of fiber annually was 
established. With expansion of facilities, production 
of 100,000 tons annually is anticipated. The success 
of the Advocate development may spark continued 
prospecting of the many ultramfic bodies of New- 
foundland. 

The discovery in 1950 of the Cassiar deposit on 
McDame Mountain in northern British Columbia, 
and subsequent rapid implementation of the mining 
operation—which started in 1953 despite problems 
such as rigorous climate, permafrost, and transpor- 
tation logistics related to remote location—stimu- 
lated search for other deposits in the northern part 
of the Pacific Coast ultramafic belt. The Cassiar 
reserve, of some 25 million tons of ore with a con- 
tent of 8-10 percent asbestos that mills free of 
magnetite and includes a high proportion of long 
fibers, has eliminated long-standing dependence on 
Rhodesia for strategic low-iron textile fibers. Com- 


parable reserves were ultimately outlined at the 
Clinton Creek deposit, 65 miles northwest of Daw- 
son City in the Yukon Territory and within 9 miles 
of the Alaskan border, and mining started in 1968. 
The Cassiar and Clinton Creek mines furnished 
more than 10 percent of Canadian production in 
1969-70. West-northwest of the Clinton Creek de- 
posit and as much as 80 miles into Alaska a few 
occurrences of chrysotile have been reported (Fos- 
ter, 1969). That part of the ultramafic belt that 
extends through interior British Columbia, across 
Yukon Territory and perhaps 150 miles or more into 
the Yukon-Tanana upland of east-central Alaska is 
a prime target for much geophysical and geologic 
evaluation. 


UNITED STATES 


Prior to the early 1960’s, about 80 percent of the 
asbestos produced in the United States had been 
mined from deposits on Belvidere Mountain, near 
Lowell in northern Vermont. Currently about 
40,000 tons of medium- to short-length chrysotile 
fibers are produced annually from those deposits. 
Reported reserves are more than 1 million tons of 
fiber. This remains the only locality in the Appa- 
lachian belt within the United States where minable 
concentrations of chrysotile asbestos are known or 
are likely to be found. Along the southern part of 
of the belt, particularly in western North Carolina 
(Conrad and others, 1963) and northeastern Geor- 
gia (Bowles, 1955, p. 25-26), many small deposits 
contain in aggregate an anthophyllite resource of 
more than 100,000 tons. 

Although the ultramafic rocks of California have 
been much prospected and intermittently yielded 
small quantities of asbestos after 1882, no mining 
operation of large scale was developed until 1962, 
when a plant with a capacity of 2,500 tons of ore 
per day began operation on a deposit near Copper- 
opolis in Calaveras County. The unusual short- 
fiber deposits in eastern San Benito County and 
western Fresno County, northwest of Coalinga, also 
were first exploited in 1963. California immediately 
became the principal asbestos-producing State and 
currently furnishes more than 75,000 tons of chryso- 
tile fibers annually. 

The host for the occurrences near Coalinga is an 
intensely sheared mass of serpentinite 14 miles long 
and 4 miles wide. The chrysotile occurs as fibers 
largely indiscernible to the eye that are matted in 
leathery flakes along closely spaced shear planes. 
Chrysotile occurs extensively in this form in the 
southeastern half of the serpentinite mass. Fiber 
content is highly variable, but locally exceeds 50 
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percent; large ill-defined masses of the leathery 
material that will yield 20-25 percent fiber in the 
milling process is considered ore. Only fiber of Group 
7 grade is recovered. Obviously these occurrences 
cannot be evaluated by conventional techniques, and 
only a few sites in the sheared serpentine have been 
outlined as ore bodies. At least 100 million tons of 
flaky material amenable to processing occurs in 
masses of proportions suitable for mining. Con- 
ceivably, resources totaling several times this 
amount could occur in this 14-mile serpentinite 
mass. In nearby localities other serpentinite masses 
rather similar in character remain to be prospected. 
Obviously this is a significant resource, but of Group 
7 fiber only, and it will long be the prime source for 
certain California asbestos fabrication plants and 
may ultimately supply a much expanded industry. 
Because these resources are not typical of the con- 
tent of fibers, and cannot be put to the wider range 
of uses represented in asbestos resources tabulated 
for other districts, they are not included in the 
foregoing tabulation of conventional asbestos re- 
sources available in the United States. 

Of more than 90 asbestos prospects reported in 
the serpentinites of California at least half are 
chrysotile occurrences (Wiebelt and Smith, 1959). 
About 30 are tremolite or anthophyllite occurrences. 
Intermittently, small tonnages of weak fiber that 
has limited use have been mined from some of the 
amphibole deposits, and occurrences of this type that 
remain cannot be expected individually to have more 
potential, in either volume or quality. Most of the 
little-known prospects for which the mineral species 
is not reported are likely mere mineralogic occur- 
rences. Geologic settings with promise of hosting 
extensive chrysotile stockworks of the Quebec type 
are most numerous along the western foothills of 
the Sierra Nevada and in the Klamath Mountains, 
which is a northern outlier of the foothills belt. 
Among or in the vicinity of the chrysotile prospects 
of these areas, it is reasonable to anticipate that at 
least a few and perhaps several additional deposits 
comparable to the Copperopolis ore body will ulti- 
mately be discovered. The possibility of large stock- 
works of chrysotile in the serpentinite masses west 
of the Great Valley of California is certainly not to 
be overlooked, but relatively few of these appear— 
from sparse information—to be promising in their 
geologic settings. 

In east-central Oregon, along the presumed offset 
continuation of the Pacific Coast ultramfic belt, 
exposures of serpentinite masses are sparse com- 
pared to the numbers and volume exposed in the 
California interval. Oregon is thus a less promising 


region to prospect. The most promising known east- 
ern Oregon chrysotile occurrence has been explored 
by modern techniques, apparently without outlining 
significant amounts of asbestos. 

Other domestic occurrences of chrysotile in mas- 
sive serpentinite receive intermittent attention as 
possible targets for prospecting. Most noteworthy 
among these are occurrences at various localities 
near the Kobuk River in northwestern Alaska 
(Bowles, 1955, p. 17) and scattered prospects in 
Wyoming opened during and before World War I 
(Beckwith, 1939). Past prospecting of the north- 
west Alaska occurrences was directed mainly toward 
determining mineral species and whether fibers of 
textile length existed. Most of the prospected occur- 
rences are of short-fiber chrysotile; data available 
provide little hint as to whether or not any are 
potential targets for outlining extensive deposits. 

In the area prospected for chrysotile a few miles 
south of Casper, Wyo., rocks other than serpentinite 
make up the bulk of exposures; many of the ser- 
pentinite exposures are barren of asbestos, and 
apparently none exhibit faces extensively veined by 
asbestos. It is not certain that any of these serpen- 
tine masses are large enough to contain an asbestos 
deposit of minable size. Serpentine masses south of 
Lander, Wyo., are moderately well exposed and 
obviously large enough to include minable stock- 
works of chrysotile; none of the present exposures 
contain enough asbestos to encourage mining, but 
chrysotile veining is widespread enough to suggest 
that the occurrence could be reassessed as a possi- 
ble target for exploration by modern techniques. 

The chrysotile resources of Arizona are entirely 
in deposits of the limestone type. At any given time, 
reserves estimated for the entire district aggregate 
only a few thousand tons. From considerations of 
geologic habit and regional distribution, an esti- 
mated 75,000 to 100,000 tons of fiber remains to be 
discovered within the depths at which these typically 
small deposits can be economically mined (Shride, 
1969). Those resources include a high proportion of 
long fiber. When available, as in the past, these 
resources will largely be marketed only for special 
uses. Chrysotile occurrences of the Arizona type 
known in the Panamint Mountains of eastern Cali- 
fornia and near Cliff Lake in the Madison Range of 
southwestern Montana are erratic in fiber distribu- 
tion. They do not approach the Arizona deposits in 
quality of fibers or in continuity of the mineralized 
zones and cannot be regarded as recoverable re- 
sources. 

MEXICO 
The search for and mining of chrysotile asbestos 
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is just beginning in Mexico. Two widely separated 
deposits contain the reported reserves. Until more 
is known of the settings of these occurrences, geo- 
logic projection of additional resources is not plausi- 
ble. The expanding asbestos-cement product industry 
of Mexico will long have first call on any resources 
that can be discovered in that country. 


PROSPECTING TECHNIQUES 


Quebec-type chrysotile deposits are large enough 
targets to be searched out by geophysical techniques ; 
the magnetite ubiquitous in ultramfic terranes deter- 
mines the prospecting method. Magnetite, most 
abundant in parts of the ultramfic complexes most 
intensely faulted, is thus a common constituent of 
asbestos veins and adjacent wallrock, where anoma- 
lous concentrations can be outlined by magnetic 
surveys. Major zones of shearing and bodies of ser- 
pentinized dunite, both likely to be barren of asbes- 
tos, can also be expected to exhibit strong magnetic 
anomalies. Therefore, interpretation of magnetic 
data is most effective when done with knowledge 
of the geologic habits of the ultramafics of a given 
area. Ground surveys have long been a prime 
method to outline potential asbestos-bearing zones 
(Low, 1951). Airborne magnetic surveys are espe- 
cially effective for reconnaissance to locate serpen- 
tinite masses, and with moderate geologic ground 
control or local supplementation by ground magnetic 
surveys, airborne surveys can be used to outline 
geologic features of possible economic significance 
(Conn, 1970). 


PROBLEMS FOR RESEARCH 


The reasons for the restriction of large concentra- 
tions of chrysotile asbestos to certain very limited 
intervals in an alpine-type serpentine belt are not 
yet clear. Data of the sort that led to the recent 
recognition (Irwin, 1964) that serpentinites of the 
Klamath Mountains of northern California are 
somewhat older (and the subjects of a different tec- 
tonic history) than serpentinites contiguous to the 
west are possibly the kind of field data needed for 
future evaluations. In this instance the known 
chrysotile occurrences may be entirely restricted to 
the older serpentinites. 

The evolution of ideas on the tectonic emplace- 
ment of alpine-type serpentinites should be given 
close future attention for hints as to targets for 
asbestos exploration. The restriction of asbestos 
concentrations to only parts of the geosynclinal belts 
may be related to a certain sequence of structural 
events, or to optimum pressures or temperatures 
operative in one tectonic wedge and not in an adja- 


cent mass. Appraisals are being made of the strength 
and ductility or brittle behavior characteristics of 
the various serpentinites. Certainly the degree of 
competence prevailing at the time when energy and 
solutions were available for the late (local) stage 
serpentinization was a vital factor in formation of 
a minable deposit. As a part of the “global tectonics” 
research, physical properties of the various occur- 
rences of serpentinite may one day be accurately 
and readily defined; these data and the techniques 
used in their determination should be given atten- 
tion for practical application. As a potential sec- 
ondary result of such studies, for instance, perhaps 
magnetic anomalies directly related to asbestos 
localization may be differentiated from magnetic 
phenomena that are not so related. 


SELECTED REFERENCES 


Avery, R. B., Conant, M. L., and Weissenborn, H. F., 1958, 
Selected annotated bibliography of asbestos resources in 
the United States and Canada: U.S. Geol. Survey Bull. 
1019-L, p. 817-865. 

Badollet, M. S., 1951, Asbestos, a mineral of unparalleled 
properties: Canadian Inst. Mining and Metallurgy 
Trans., v. 54, p. 151-160. 

19538, Asbestos fibers—Production and usage: Cana- 
dian Inst. Mining Metall. Trans., v. 56, p. 247-249. 
Bailey, E. H., Irwin, W. P., and Jones, D. L., 1964, Fran- 
ciscan and related rocks and their significance in the 
geology of western California: California Div. Mines and 

Geology Bull. 183, 177 p. 

Bailey, E. H., Blake, M. C., Jr., and Jones, D. L., 1970, On- 
land Mesozoic oceanic crust in California Coast Ranges, 
in Geological Survey research 1970: U.S. Geol. Survey 
Prof. Paper 700-C, p. C70—C81. 

Beckwith, R. H., 1939, Asbestos and chromite deposits of 
Wyoming: Econ. Geol., v. 34, no. 7, p. 812-843. 

Bowles, Oliver, 1955, The asbestos industry: U.S. Bur. Mines 
Bull. 552, 122 p. 

1959, Asbestos—a materials survey: U.S. Bur. Mines 
Inf. Cire. 7880, 94 p. 

Carroll-Porezynski, C. Z., 1958, Inorganic fibers: New York, 
Academic Press Ine., p. 169-259. 

Chidester, A. H., 1962, Petrology and geochemistry of se- 
lected tale-bearing rocks and adjacent country rocks in 
north-central Vermont: U.S. Geol. Survey Prof. Paper 
345, 207 p. 

Chidester, A. H., and Shride, A. F., compilers, 1962, Asbestos 
in the United States (exclusive of Alaska and Hawaii) : 
U.S. Geol. Survey Mineral Iny. Resource Map MR-17. 

Cilliers, J. J., leR., 1964, Amosite at the Penge asbestos 
mine, v. 2 of Haughton, S. H., ed., The geology of some 
ore deposits in southern Africa: Geol. Soc. South Africa, 
p. 579-591. 

Cilliers, J. J., leR., and Genis, J. H., 1964, Crocidolite asbestos 
in the Cape Province, v. 2 of Haughton, S. H., ed., The 
geology of some ore deposits in southern Africa: Geol. 
Soc. South Africa, p. 543-570. 

Coleman, R. G., 1971, Petrologie and geophysical nature of 
serpentinites: Geol. Soc. America Bull., v. 82, p. 897— 
918. 


ASBESTOS 73 


Conn, H. M. K., 1970, Geophysics and asbestos exploration, 
in Mining and groundwater geophysics—1967: Canada 
Geol. Survey Econ. Geology Rept. 26, p. 485-491. 

Conrad, S. G., Wilson, W. F., Allen, E. P., and Wright, T, J., 
1963, Anthophyllite asbestos in North Carolina: North 
Carolina Dept. Conserv. and Devel. Div. Mineral Re- 
sources Bull. 77, 61 p. 

Cooke, H. C., 1937, Thetford, Disraeli, and the eastern half 
of Warwick map-areas, Quebec: Canada Geol. Survey 
Mem. 211, Pub. 2440, 160 p. 

Foster, H. L., 1969, Asbestos occurrence in the Eagle C—4 
quadrangle, Alaska: U.S. Geol. Survey Cire. 611, 7 p. 

Industrial Minerals, 1970a, Cement products the key to as- 
bestos industry growth: Indus. Minerals (London), no. 
28, p. 9-17. 

1970b, World asbestos 
(London), no. 28, p. 17-29. 

Irwin, W. P., 1964, Late Mesozoic orogenies in the ultramafic 
belts of northwestern California and southwestern Ore- 
gon: U.S. Geol. Survey Prof. Paper 501-C, p. C1—C9. 

Jenkins, G. F., 1949, Asbestos, in Industrial minerals and 
rocks, 2d ed.: New York, Am. Inst. Mining Metall. 
Engineers, p. 55—76. 

1960, Asbestos, in Industrial minerals and rocks, 3d 
ed.: New York, Am. Inst. Mining Metall. Petroleum 
Engineers, p. 23-53. 

Lockwood, J. P., 1971, Sedimentary and gravity-slide em- 
placement of serpentine: Geol. Soc. American Bull., v. 
82, p. 919-936. 

Low, J. H., 1951, Magnetic prospecting methods in asbestos 


industry: Indus. Minerals 


exploration [Quebec]: Canadian Inst. Mining Metallurgy 
Trans., v. 54, p. 388-395. 

Rice, S. J., 1963, California asbestos industry: California 
Div. Mines and Geology Mineral Inf. Service, v. 16, no. 
9, p. 1-7. 

Riordan, P. H., 1957, The structural environment of the 
Thetford-Black Lake asbestos deposits [Quebec]: Geol. 
Assoc. Canada Proc., v. 9, p. 83-93. 

Riordon, P. H., and others, 1957, Asbestos, in The geology of 
Canadian industrial mineral deposits: Sixth Common- 
wealth Mining and Metall. Cong., p. 3-53. 

Shride, A. F., 1969, Asbestos, ix Mineral and water resources 
of Arizona: U.S. 90th Cong., 2d. sess., Senate Interior 
and Insular Affairs p. 303-311. 

Taylor, H. P., Jr., and Noble, J. A., 1960, Origin of the 
ultramafic complexes in southeastern Alaska: Internat. 
Geol. Cong., 21st, Copenhagen 1960, Rept. 13, p. 175- 
187. 

Thayer, T. P., 1967, Chemical and structural relations of 
ultramafic and feldspathic rocks in alpine intrusive 
complexes, in Wyllie, D. J., ed., Ultramafic and related 
rocks: New York, John Wiley and Sons, p. 222-239. 

Trendall, A. F., and Blockley, J. G., 1970, The iron forma- 
tions of the Precambrian Hamersley Group, Western 
Australia, with special reference to the associated cro- 
cidolite: Geol. Survey Western Australia, Bull. 119, 
366 p. 

Wiebelt, F. J., and Smith, M. C., 1959, A reconnaissance of 
asbestos deposits in the serpentine belt of northern 
California: U.S. Bur. Mines Inf. Cire. 7860, 52 p. 


: senattonn Mat aati er cae! 
igs 4 it A Ag SE Ue, 


meets ae si 


i tie aati? shim 
Hal oath st ys hos el tal 
= eel 


o ae ah Abe XP t 
“hy a Tat) j FP teuase Ae m Son 4 ni ved iy 
he: ce verh. wi thant MpaliatraS 


Ab I i er. Nas 


Sans xs asi ye! : 
Lan ie peak = ereymetartag tute 
baat phen tegen eri ala os  crdny a 


’ oi a 
‘ ~ meen slAusl a Ce pha ete Of Lousy mn er 
y =e Jira nih, ees i tr ery zn 


” a % va 
oe S 7 7. Fit Grp et bit’ ee vite GaN Me | ero T 


tage PE le PAE ih aR DIR Cement roma 


Lio aat ofa Ar | 


hart Oe ee ag LLANE ay. Pentel see 
ie oh. 1) ye ernie ‘ORO gat. omy 6, Wiehe eaten: 
aryl gi i Mt Pe i WaNODE bre oh sh ‘ag 
ay ; wif " Reid: ONT vat AIM: » get aay N+ | ‘wh add 1 ih 
Tie) a boy hae! il A gi: Bibiana" se WISE 
at nde aif 7 ols ayn gt ee ane lege) Ceili 
ie ; Tk ey h , wl tite 
Pu. ' ie) ry nN” F Raney 


; ‘pes Reged wine 
1s 


ao poe io had : 


ha CA lh i) 
i q 
M ® | = 
vt y 
eS \ 
pant Mea 
1 
¥ mie 
me 
ry { 
# 2) 4 
v?. 
a ry 
a 
aur 
“ 
» 
m 
i 
* 


sae ete REMAIN | ad. att a ae 


ite pen i] 


a i wit Rt lakew ; i" 
4.0 (Steet 


| aliens wah a aaloolct an 


eae eos We 
ee 
Atay Aipta 


aa eh c 
enn a ae ik 
or ‘ : 


ass Sight ele 


THE ' 

abit thd ied)” el 
hares Fieiaa toe: wis HS Tipal Vi 
fh Vie ea ited aii Buch a tmarment®, ih tly 


RPE, delete heer; 


Malet 


aig . ay 
i a Rennteam Spadina vin 
dal’ nary. HOPE Hl. bie ii sia jen ere! 


| ri 
fea dNves! ei” WP "alien 

hh testa tate ‘en 

. PRD te a eet 


hie ofedectont ” 


Abe ER, seni aM: Atl AS, eae! a oe 
dul MBs Wind hi lders Ve hi is 


+ hilt pny ene sola eh, bechapinstbing) Mt 
TS =o A mas ee) Mol ah 


M.. IPAS, Anbsate 


fies peer bh hae «| rides 
# ee Litt ey Resp lass 


‘ hewiev Conn? ad ; 
be\uit . Rent meester ' 
Ailing “Yi aM ie 4 i 
us e+ Las 
vs eer twit " 
: ia! 
ae my J if 
“~ ek aM to. Le aie 
" WIAA Dapvey pescarch HO 
‘jay Tt, thet BA ; 
id ) ‘. \ \ 
rid 9 
eA 
iv i 
‘i A ‘ ‘ 
* 
i hy ‘i 
, aii / 
y i> tiv 
is beneel 
tz ” ai 
{ y 
i 
*) b a \ 
, 
ws 
{ 4e 14 
t ¢ 
i 
at Ab ¢ 
D y"% * 
yu ee jl 
on 
' 4 
“i 
ant £ ‘ pen: 


UNITED STATES MINERAL RESOURCES 


BARITE 


By Donatp A. BROBST 


CONTENTS 

Page 

Abstract of conclusions ~------------------------- 75 
mits C ETO Nee a 75 
Bisap Oita On ee 76 
(GeocHe nS bya 77 
Oxrepmineralsnofebarium ye 78 
TEES OF CROSS — 2a SSS 78 
Vein and cavity-filling deposits --_--_---------- 78 
Resid iam eDOSIts a= 79 


IBeddedind @pOsits =e eee 80 
EVES OU CCS ree ee ee a ee ee en 81 
Identified and hypothetical resources ~--------- 81 
Speculative resources ~----_--_--------------- 82 
Prospecting techniques ~-------------------------- 83 


Broblemsetor research) ==--=--—- = 83 


Refenences#Cited ge sos sea. as a sae 84 
FIGURE 
Page 
10. Barite, world production and U.S. production 
and consumption, 1919-71 -_--------------- 17 
TABLES 


Page 

12. Barite, world production and U.S. production 
and imports, 1850-71 

13. Identified and hypothetical barite resources of 
Une Whrateecl Strassen a ee Sees 81 
14. World resources of barite _--_--------------- 82 


76 


ABSTRACT OF CONCLUSIONS 


The world production of barite (BaSQ:, barium sulfate) 
has increased from less than 1.5 million tons in 1945 to more 
than 4 million tons in 1970. The world’s estimated total 
barite production from 1850 to 1971 amounted to nearly 92 
million tons, but nearly 75 percent of that total was mined 
between 1945 and 1971 and increasing use is forecast, par- 
ticularly inasmuch as barite is vital to the petroleum in- 
dustry, which in 1972 consumed 80 percent of the world’s 


annual production. The United States is self-sufficient and 
should remain so, even with modestly increasing demands 
placed on its resources. 

Three major types of barite deposits are vein and cavity- 
filling, residual, and bedded deposits. The vein and cavity- 
filling deposits of the world constitute large resources of 
barite, much of which are recoverable as byproducts or co- 
products. Residual deposits at shallow depths constitute a 
large resource in the United States. Bedded deposits of fetid 
black fine-grained barite, commonly of high grade (50-95 
percent barite), are abundant in siliceous sedimentary rocks 
of mid-Paleozoic age. The bedded deposits, probably of sedi- 
mentary origin, are a large part of the barite resources of 
the United States. Similar large deposits probably lie un- 
discovered in many parts of the world. 

The total of the world’s barite resources in all categories 
is about 2 billion metric tons of barite, but only about 300 
million metric tons (15 percent) are identified resources, 
which are the sum of currently minable ore (reserves) and 
lower grade material of subeconomic value now (conditional 
resources). If future industrial demands are to be met, 
hypothetical and speculative resources will have to be con- 
verted to identified resources, and this will require con- 
tinued geological research on barite and barium minerals. 


INTRODUCTION 


Barite (BaSO., barium sulfate) is extremely vital 
to the petroleum industry, which consumes much 
of the world’s current annual production of about 
4 million tons, as a major ingredient of the heavy 
fluid, called mud, that is circulated in the rotary 
drilling of oil and gas wells. Barite also is a source 
for various barium compounds and barium metal 
whose uses also are nearly hidden among the tech- 
nical complexities of modern industrial processes 
and products. 

In the United States, about 80 percent of the 1.5 
million tons of barite consumed annually is ground 
finely (90 percent, minus 325 mesh) for use in 
drilling mud, the circulation of which lubricates the 
drill stem, cools the drill bit, seals off the walls of 
the hole, removes cuttings, and confines the high oil 
and gas pressures met at depth. The latter feature 
aids in the prevention of gushers, thus reducing 


U.S. GEOL. SURVEY PROF. PAPER 820 


15 


76 UNITED STATES MINERAL RESOURCES 


waste of oil and gas resources and environmental 
pollution, as well as conserving the natural pressure 
for greater production and rate of recovery of the 
products in the reservoir rocks. Barite is particu- 
larly well suited for drilling mud because it is soft, 
heavy, chemically inert, and available in sufficient 
quantity at competitive prices throughout much of 
the world. Many heavy materials tried as substi- 
tutes for barite in drilling mud have been rejected 
simply because of excessive initial cost, because they 
react chemically in the system, or because they 
abrade pipes, pumps, and hole walls resulting in 
increased drilling costs. 

The remaining 20 percent of barite consumed 
annually in the United States goes chiefly into the 
manufacture of glass to add brilliance and clarity; 
into the wares of the paint and rubber industry 
principally as a pigment and filler; and into the 
chemical industry for the preparation of barium 
compounds. Barite is a common industrial filler, ex- 
tender, and weighting agent. A survey of the uses 
of barium chemicals by the Food Machinery and 
Chemical Corp. (1961) listed more than 2,000 spe- 
cific industrial applications in 17 major classifica- 
tions. Among the newer developments are the use 
of barium titanate ceramics in the electronics in- 
dustry and of barium ferrate ceramics in perma- 
nent magnets. Barite, a good absorber of gamma 
radiations, has been used as an aggregate in con- 
crete for shielding in atomic reactors, thereby re- 
ducing the amount of more expensive lead shielding 
otherwise needed. 

With energy requirements rising in the United 
States and throughout the world, there is every 
reason to believe that demand for mud-grade barite 
(92-94 percent BaSO,) will continue at high levels, 
and even increase, as the search for oil and gas con- 
tinues. Not only will more wells be drilled, but they 
will be deeper and they will extend into high- 
pressure reservoirs requiring the use of more barite 
as the potential for blowouts and mud leakage in- 
creases. Other industrial uses of barite are sure to 
continue at accelerated rates as the population 
grows, as new nations industrialize, and as econo- 
mies expand in the older industrial nations. Further 
information on uses, material specifications, eco- 
nomics, production, and outlook for future demand 
of barite has been given recently by Brobst (1970) 
and Lewis (1970). 

As the decade of the 1960’s closed, nearly 1 mil- 
lion tons of barite was produced annually in the 
United States, chiefly in Missouri, Arkansas, Ne- 
vada, Georgia, and Tennessee. Another half million 
tons was imported annually from various countries, 


especially Canada, Mexico, Peru, Ireland, Greece, 
Yugoslavia, and Morocco. Current knowledge of the 
widely distributed domestic reserves of barite sug- 
gests that the United States could be self-sufficient 
in barite for some years, even at moderately increas- 
ing rates of consumption (Brobst, 1970, p. 11-12). 


EXPLOITATION 


Commercial demand for barite began about mid- 
19th century when the United States and the na- 
tions of western Europe began to industrialize. 
Hstimates of the world’s barite production compiled 
from various sources are shown in table 12. Nearly 


TABLE 12.—Barite, world production and U.S. production and 
imports, in millions of short tons, 1850-71. 


[Compiled from U.S. Bur. Mines data and many other sources] 


World U.S. U.S. 
production production imports 
185019 1 *6.5 1.2 0.2 
HOWSH USS eee ee 1.2 stl 70 
G19 = AA eee 16.7 Coal 9 
OAS Side be ws foe Se 67.5 23.5 12.5 
otal e==2e ee 91.9 32.5 13.6 


1 Author’s estimate: few foreign production data available. 
22,500 short tons imported during this period. 


75 percent of the total world’s barite production of 
nearly 92 million tons has been mined since 1945, 
and the United States has consumed 46 million tons 
(about half) of this amount. 

Figure 10 shows world production, U.S. produc- 
tion, and U.S. consumption (production plus im- 
ports) from 1919 to 1971. The three curves are 
almost parallel until 1959, after which barite con- 
sumption outside of the United States increased 
sharply because of an expanding world need for 
mud-grade barite. The peak between 1925 and 1930 
coincides with the period when barite was first used 
for drilling mud. 

From 1838 to 1971, the residual deposits of the 
United States have yielded about 17 million tons of 
barite, the bedded deposits about 11.5 million tons, 
and the vein deposits about 4 million tons. Before 
1940, most of the U.S. barite production came from 
residual deposits, chiefly in Missouri, Tennessee, 
and Georgia. After 1940, the black bedded barite 
deposits of Arkansas came into production and 
within a few years the barite produced rivaled, and 
in some years exceeded, that of the great residual 
deposits of Missouri. The bedded deposits of Nevada 
have been worked since early in the 20th Century 
at rates that since 1960 have increased almost 
annually. 
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FicgurRE 10.—Barite, world production and U.S. production 
and consumption, 1919-71. 1. Post-World War I depres- 
sion. 2. Barite drilling mud introduced and accepted. 3. 
Economic depression. 4. World War II. 5. World economic 
recession. 


Barite has been or could be produced as a by- 
product or coproduct of some fluorspar, base and 
precious metal, and rare-earth deposits. These 
sources of barite have not been greatly utilized for 
many reasons. Some deposits are too far from 
markets, or the additional milling operation cannot 
be handled by existing mills. The barite is too 
irregularly disseminated in some deposits, and the 
demand for the major product too variable to guar- 
antee the barite user a steady supply in others. 
Economic changes may bring much of this barite 
into future markets. 

Most of the barite mined in the United States has 
been mined in open pits. The mining of residual 
deposits has brought on the need to rehabilitate 
many acres of worked ground. In many areas of 
shallow residual deposits, rehabilitation is not diffi- 


cult, but any costs will ultimately be paid by the 
consumer. 


GEOCHEMISTRY 


Recent estimates of the abundance of barium in 
the earth’s crust (Parker, 1967; Lee and Yao, 1970) 
suggest that the value lies in the range of 300-500 
ppm (parts per million equals grams per metric ton; 
1 ppm equals 0.0001 percent). In igneous rocks, the 
basalts contain as little as 100 ppm Ba; granites 
commonly contain 700-800 ppm Ba; syenites and 
some of the more potassic igneous rocks contain as 
much as 3,000-5,000 ppm Ba. The role of barium in 
the erystallization of igneous rocks has been dis- 
cussed by Dunham and Hanor (1967). Among the 
sedimentary rocks, shale generally contains the most 
barium (500-1,000 ppm) and limestone contains 
the least (commonly less than 200 ppm). The bar- 
ium content of sandstone varies widely, from a few 
to several hundred parts per million. 

The large size of the barium ion in its common 
valence state (Ba*?, 1.43 angstrom units) makes 
isomorphous substitution possible only with stron- 
tium (Sr+2, 1.27) and generally not with the other 
members of the elements of Group 2A of the periodic 
table (Cat+2, 1.06; Mgt?, 0.78). Among the other 
elements that occur with barium in nature, substi- 
tution is common only with potassium (K~*, 1.33), 
but not with the smaller ions of Na, Fe, Mn, Al, and 
Si in their most common valence states. This ex- 
plains why the potassium-rich igneous rocks con- 
tain the greatest amounts of barium. The barium 
commonly substitutes for potassium in the minerals 
of the feldspar and mica groups. 

Unlike many other common metals, the sulfide of 
barium is water soluble, the sulfate is virtually in- 
soluble in distilled water, and, as the chloride the 
element is easily transportable. Barium, therefore, 
is mobilized, transported, and concentrated under 
different conditions from those which govern the 
course of many base and ferrous metals in the geo- 
chemical cycle. 

The geochemical cycle of barium begins with its 
arrival in the upper crust of the earth as a result 
of voleanic activity and the emplacement of intru- 
sive igneous rocks and any attendant vein systems. 
The mechanical and chemical disintegration of ig- 
neous rocks releases barium to the sedimentary 
cycle through which it is carried seaward as fine 
particles of mineral material, or as ions absorbed 
on particles of clay size, or perhaps attached to 
negatively charged sols, such as Mn(OH),. In the 
sea, ionic barium will combine readily with avail- 
able sulfate anions to form a precipitate of barium 
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sulfate (barite), which accounts for the low con- 
centration of barium in sea water. 

Connate brines of many sedimentary formations 
contain barium chloride (BaCl.) which on mixing 
with sulfate-rich waters will yield a precipitate of 
barite. This process has caused problems in oil field 
operations, notably in the Wilmington (Long Beach, 
Calif.) oil field (Gates and Caraway, 1967). 

The geochemistry of barium is complex. More in- 
formation and many references are available in the 
works of Rankama and Sahama (1950), Graf 
(1960), and Friedman (1969). 


ORE MINERALS OF BARIUM 


Barite, the chief ore mineral of barium, when 
pure, has a specific gravity of 4.5, has a hardness 
of 3 on Mohs’ scale (in which the hardness of a 
fingernail is about 1.5), and contains 58.8 percent 
barium and 41.2 percent sulfate. The mineral occurs 
in assorted colors, although shades of white to dark 
gray and black are common in commercial deposits. 
Barite crystallizes in the orthorhombic system and 
commonly forms prismatic or tabular crystals. Gen- 
erally it is found in irregular masses, concretions, 
nodules, rosettelike aggregates, and in massive to 
laminated beds. Mine-run ores contain some inclu- 
sions and intergrowths of other minerals as well as 
small amounts of other elements (Brobst, 1958, p. 
80-81). Barite of vein and residual deposits com- 
monly contains several percent strontium. 

Barite is most commonly associated with quartz, 
chert, jasperoid; calcite, dolomite, siderite, rhodo- 
chrosite, celestite; fluorite; and various sulfide min- 
erals, such as pyrite, chalcopyrite, galena, sphalerite, 
and their oxidation products. Ferruginous clays 
make up a large part of residual deposits of barite. 
Barite is a common gangue mineral in many types 
of ore deposits, especially in veins that are mined 
principally for other commodities, including lead, 
zine, gold, silver, fluorite, and rare-earth minerals. 
Barite is a common constituent of some siderite-rich 
iron deposits in Europe, but deposits of this type 
have not been found in the United States. 

Witherite (BaC0;, barium carbonate, 69.6 per- 
cent Ba and 30.4 percent CO;), a highly desirable 
source for the production of barium chemicals be- 
cause of its solubility in hydrochloric acid, occurs 
aS a minor accessory mineral in some barite depos- 
its. Like barite, this mineral also crystallizes in the 
dipyramidal class of the orthorhombic system. 
Witherite has a hardness of 3-3.5 on Mohs’ scale 
and a calculated specific gravity of 4.29. In the 
United States, only the El Portal mine, Mariposa 
County, Calif., has produced witherite in large 


amounts; operations ended there about 1950. Nearly 
all the world’s supply of witherite in 1972 came 
from the Settlingstones mine, Northumberlandshire, 
England. Witherite is probably only a very small 
part of the barium resources of the world. 

Sanbornite (BaSi.O;), which contains 50 percent 
barium, is of potential interest as a source of 
barium for chemicals because, unlike many silicate 
minerals, it is soluble in acid. The solubility permits 
the recovery of the barium by further chemical proc- 
essing. The mineral, formerly considered rare, has 
been found in abundance associated with other 
barium silicate minerals in contact with meta- 
morphic rocks, mostly quartzite, in roof pendants 
of the Sierra Nevada batholith in Fresno County, 
Calif. (Matthews and Alfors, 1962). The resource 
potential of sanbornite deposits is virtually un- 
studied. 

Barium occurs in other minerals, but in concen- 
trations so low that none of the minerals are likely 
to be potential sources of the element. 


TYPE OF DEPOSITS 


Barite occurs in many geological environments 
in sedimentary, igneous, and metamorphic rocks. 
The geologic relations of three major types of com- 
mercial deposits, the vein and cavity-filling, the 
residual, and the bedded deposits, have been sum- 
marized by Brobst (1958). 

Some recent references to the geology of barite 
are given in this report; others are available in an 
annotated bibliography by Dean and Brobst (1955), 
and in a pamphlet included with a map (at a scale 
of 50 miles to the inch) which shows the size and 
distribution of deposits in the United States (Brobst, 
1965). A summary of the geology and reserves of 
barite deposits of the world (Brobst, 1970) also 
includes a bibliography of about 100 references to 
deposits outside the United States. 


VEIN AND CAVITY-FILLING DEPOSITS 


The vein and cavity-filling deposits are those in 
which barite and associated minerals occur along 
faults, gashes, joints, bedding planes, breccia zones, 
and solution channels and in various sink structures. 
The deposits in solution-channel and sink structures 
are most common in limestone. The host rocks are 
of Precambrian to Tertiary age in the United States. 
Many deposits in the Western States are associated 
with igneous rocks of Tertiary age, although nota- 
ble exceptions are vein deposits of barite and rare- 
earth minerals associated with igneous rocks of 
Precambrian age at Mountain Pass, San Bernar- 
dino County, Calif., and in the Wet Mountains, 
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Custer County, Colo. In most of the deposits in the 
Eastern and Midwestern States an association with 
igneous activity is not obvious. 

Most of the barite in veins and cavity fillings is 
dense and gray to white, and is associated with 
many other minerals including the minerals of the 
metallic ores as already mentioned. The grade of 
the barite ore varies by deposit and within deposits. 
The deposits commonly have sharp contacts with 
wallrocks; large-scale replacement of the host rocks 
by vein minerals is rare. Within individual districts, 
the deposits commonly are scattered and irregular, 
and range in thickness from a few inches to a few 
feet and in length from tens to hundreds of feet. 
Barite cementing of breccia along fault zones forms 
thin deposits of small extent in the eastern United 
States. On weathering, fault-breccia deposits may 
form bodies of residual ore. 

Barite deposits in collapse and sink structures 
are common in central Missouri where they are 
known as circle deposits, and in the Appalachian 
States. The deposits have yielded rich ore but the 
individual bodies tend to be small. On weathering, 
these deposits also form valuable bodies of residual 
ore. 

The barite and other-minerals of the vein and 
cavity-filling deposits are typical of an epithermal 
suite precipitated from low-temperature solutions. 
Many geologists agree that most vein deposits con- 
taining barite in the Western States had such an 
origin. A hydrothermal origin also is postulated for 
many deposits in the midcontinent region and in the 
Eastern States where the term “telethermal”’ has 
been applied to indicate that the solutions traveled 
farther from their source, and therefore, were some- 
what cooler than those generally termed “epither- 
mal.” Evidence has been accumulating in the past 
decade to suggest that some barite and minerals of 
base metals may form vein deposits from circulat- 
ing ground waters (meteoric or supergene water). 


RESIDUAL DEPOSITS 


Residual barite deposits in unconsolidated mate- 
rial are formed by weathering from preexisting 
deposits. Many residual deposits of commercial in- 
terest lie within the clayey residuum derived from 
Cambrian and Ordovician limestone and dolomite, 
especially in southeastern Missouri (Brobst and 
Wagner, 1967) and the Appalachian region (Brobst 
and Hobbs, 1968). These include deposits in the 
major barite districts at Sweetwater, Tenn. (Maher, 
1970, p. 13) and Cartersville, Ga. (Kesler, 1950), 
and many lesser known districts in Alabama and 
Virginia. 


Most residual barite is white and is translucent 
to opaque; it occurs in discrete mammillary, fib- 
rous, platy, or dense fine-grained irregular masses 
most of which range in longest dimension from 
about 1 to 6 inches. Small amounts of pyrite, galena, 
and sphalerite occur in or on some of the barite, 
and locally some lead and zinc may be minor by- 
products of barite mining. Chert and jasperoid are 
common in many deposits. Incompletely weathered 
rock fragments, and red, yellow, or brown clay 
typically make up the rest of most deposits. 

The grade of the ores varies greatly, but com- 
mercial mining now requires a minimum of about 
220 pounds of recoverable barite per cubic yard of 
residuum. Much of the typical ore in major districts 
has 200-300 pounds of recoverable barite per cubic 
yard of residuum. 

Deposits in Washington County, Mo., are in re- 
siduum overlying bedrock 10-15 feet below the sur- 
face. The deposits at Cartersville, Ga., are in re- 
siduum that is as deep as 150 feet. Commercial] 
deposits are commonly many acres in extent, but 
the shape of the residual deposit depends on the 
shape of the original deposit. Deposits derived from 
solution channels and vein systems tend to be 
elongate, and those derived from sink structures 
tend to be circular. 

Ribs or pillars of carbonate bedrock protrude up- 
ward into the residuum at many deposits. Some of 
the ribs contain veins filled with barite, fluorite, 
quartz, calcite, and locally some sulfide minerals 
including pyrite, chalcopyrite, galena, and spha- 
lerite. In other deposits, only thin veinlets or dis- 
seminated lumps and pods of barite occur in the 
carbonate bedrock. The source of the barite in 
residual deposits generally has been assumed to be 
epigenetic (introduced) hydrothermal vein material 
left after the host rock has been chemically de- 
stroyed. 

Today’s knowledge of mineralogy and crystallog- 
raphy suggests that any barium that was trapped 
in precipitating carbonate will fit into the lattice 
of aragonite, which seems to be a common primary 
precipitate of calcium carbonate. Because of the 
differences in ionic radii of the cations and the 
crystal structure, barium will not fit into the lattice 
of calcite or dolomite. Thus, when aragonite is con- 
verted to calcite or dolomite, any structurally in- 
cluded barium is expelled from the lattice. It seems 
reasonable to suppose that any sulfate present in 
the pore fluids might then fix the barium as barite 
in veinlets or nodules in the carbonate rocks. If the 
pore fluid is chloride-rich, and sulfate-poor, the 
expelled barium might be converted to the very 
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soluble chloride, in which case the barium could be 
held in solution to be precipitated later, in place or 
elsewhere, as barite when sulfate ions became 
available. Connate water may play an important 
role in the redistribution of barium in the carbonate 
environment. The foregoing is perhaps an over- 
simplification of a complex chemical process, but it 
does offer an explanation of why calcite- and 
dolomite-rich rocks generally contain such small 
amounts of barium. Just as important perhaps is 
the largely unevaluated role of organisms, especially 
bacteria, in the mobilization and redistribution of 
elements such as barium in the sedimentary en- 
vironment under conditions of low temperature and 
pressure. 


BEDDED DEPOSITS 


Bedded deposits include those in which barite 
occurs as a principal mineral or cementing agent 
in stratiform bodies in layered sequences of rock. 
The major deposits of commercial value in this 
group are bedded concentrations of fetid dark-gray 
to black fine-grained barite, some of which contain 
millions of tons of barite easily beneficiated for use 
in drilling mud and chemical plants. Deposits were 
being mined in 1972 in Arkansas, California, and 
Nevada. Geological details are available for some 
deposits in Arkansas, including the major deposit 
at Magnet Cove (Scull, 1958; Zimmermann and Am- 
stutz, 1964) ; in Nevada, including deposits in the 
Toquima Range (Shawe and others, 1969) and the 
Shoshone Range (Ketner, 1965; Zimmermann, 
1969); and in California, near Castella, Shasta 
County (Weber and Matthews, 1967). The bedded 
deposits and their origin are discussed in some de- 
tail here because of the economic value of these 
deposits and the good potential for finding more of 
them in many parts of the world. 

Geologie features of the bedded deposits may be 
summarized briefly. The dark beds of barite are a 
few inches to 50 feet thick and extend over many 
acres. The beds commonly occur interbedded with 
dark chert and siliceous siltstone and shale. Some 
ore zones are more than 100 feet thick. Some indi- 
vidual beds of barite are massive, but more com- 
monly the beds are laminated. The grains of barite 
generally are less than 0.1 mm in diameter. Barite 
nodules and rosettes make up a substantial part of 
some barite beds, and a smaller part of some silty 
or shaly beds. Some nodules have concentric rings 
of barite, and the rosettes have a radially bladed 
structure. Both structures suggest that room for 
free growth existed during deposition. Conglomer- 
atic beds consisting of nodules and fragments of 


barite, chert, phosphate (apatite), and fragments 
of rock in a fine-grained matrix of barite have been 
found in the Toquima Range, Nev. (Shawe and 
others, 1969, p. 248). Many small-scale sedimentary 
textures and structures, as well as rhythmic alterna- 
tions of beds have been described (Zimmermann 
and Amstutz, 1964; Zimmermann, 1969). 

Many beds of ore in these deposits consist of 50— 
95 percent barite. The chief impurity is fine-grained 
quartz whose abundance is inverse to that of barite. 
Small amounts of clay and pyrite are common. Car- 
bonate minerals are rare. Spectrographic analyses 
of many samples indicate that the environment of 
these barite deposits is extremely low in calcium 
and magnesium—the total of these two elements 
generally is less than 1 percent. The most abundant 
minor element is strontium; it occurs in amounts 
up to about 7,000 ppm. The trace element suite is 
limited, and the abundance of each element is un- 
usually small as compared with the suite and abun- 
dance of the trace elements in vein deposits. Man- 
ganese and vanadium generally are each less than 
50 ppm. Cobalt, copper, chromium, nickel, yttrium, 
and zirconium each are less than 20 ppm. 

The beds of black bedded barite contain several 
percent organic matter and characteristically give 
off the odor of hydrogen sulfide (H.S) when struck 
with a hammer. The hydrogen sulfide is believed to 
be the product of the decay of organic matter and 
reduction of sulfate by anaerobic bacteria. Fatty 
acids, hydrocarbons, and other organic compounds 
(a geolipid fraction) have been extracted from sam- 
ples collected in Arkansas, California, and Nevada 
(Miller and others, 1972). The fatty acids identified 
are considered to be biological markers for the 
cell walls of bacteria that probably once lived on 
or within the crystallizing barite masses. 

Rocks containing the black bedded deposits com- 
monly are of mid-Paleozoic age even though they 
are widely scattered geographically. The relation is 
not fully understood, but is perhaps more than coin- 
cidental. Most of the deposits in Arkansas are of 
Devonian and Mississippian age; those in California 
and Nevada are mostly of Devonian age, although 
some in Nevada may be of Ordovician age. Some- 
what similar deposits at Meggen, Westphalia 
(Ehrenberg and others, 1954), and in the Saarland 
(Krebs, 1970) of western Germany also occur in 
Devonian rocks. 

Earlier workers have proposed that the black 
fetid beds of barite in Arkansas (Scull, 1958) and 
Nevada (Ketner, 1965) originated by replacement 
of carbonate rocks by barium-bearing hydrothermal 
solutions stemming from intrusive igneous activity. 
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The appeal of this hypothesis is greatly reduced by 
(1) the absence of igneous rocks in the vicinity of 
many deposits, especially in western Arkansas, ex- 
cept for the Magnet Cove deposit; (2) the absence 
of anomalously large concentrations of such ele- 
ments as copper, lead, zinc, silver, molybdenum, and 
mercury expected in and around hydrothermal ore 
deposits; and (3) the absence of abundant carbonate 
rock available for replacement in the formations 
that contain rich beds of barite. 

The black bedded barite deposits probably are of 
sedimentary origin, formed virtually at the same 
time as the enclosing rocks by organic and inorganic 
chemical processes of concentration and deposition. 
A sedimentary origin for the deposit at Magnet 
Cove, Ark., was postulated by Zimmermann and 
Amstutz (1964) from structural and textural evi- 
dence. Zimmermann (1969) later found similar fea- 
tures in the deposits of the Shoshone Range, Nev. 
Shawe, Poole, and Brobst (1969) proposed a sedi- 
mentary origin for the deposits in the Toquima 
Range, Nev., because of textural, structural, and 
chemical features, including the effects of contact 
metamorphism on the barite beds (coarsening of 
the grain size by recrystallization and bleaching of 
the dark color) from the emplacement of an igneous 
rock. 

The source of the barium in these deposits has 
not been established, although some hypotheses have 
been proposed. Sources in submarine volcanic ema- 
nations and springs were suggested for the barite 
and sulfide beds at Meggen, Germany (Ehrenberg 
and others, 1954). Hydrothermal solutions are con- 
sidered by Dunham and Hanor (1967) to be the 
ultimate source of all barite deposits. A barium 
source in sea water, with extraction related to bio- 
logical activity, was discussed by Shawe, Poole, and 
Brobst (1969). 

The recycling of barium from preexisting rocks 
should not be overlooked as a source of barium for 
these bedded deposits. Connate brines seem to be 
good concentrators and transporters of barium, as 
already observed in the discussion of residual depos- 
its. Barium-rich chloride waters reaching sulfate- 
rich marine or brackish water could mix locally to 
yield deposits of barite. If this mechanism functions 
in nature, the possibility of finding barite deposits at 
the sites of ancient or modern lakes and swamps con- 
taining sufficient sulfate, especially in coastal areas, 
must be considered seriously. 

White to clear barite occurs as a cement in some 
sandstones and conglomerates, such as the Pike 
Gravel, the basal formation of the Trinity Group of 
Cretaceous age in Howard and Sevier Counties, Ark. 


(Scull, 1958). The Pike Gravel marks the Cretaceous 
strandline and unconformably overlies folded rocks 
of Paleozoic age. About 20 miles to the north, the 
Paleozoic rocks contain deposits of black bedded 
barite, which perhaps are the source of the barium 
for the barite cement in the Pike Gravel. 


RESOURCES 


IDENTIFIED AND HYPOTHETICAL RESOURCES 


The identified and hypothetical resources of barite 
in the United States are listed by State and type of 
deposit in table 13. The identified resources include 


TABLE 13.—Identified and hypothetical barite resources of the 
United States, in thousands of short tons 


[+, indicates present in small, but otherwise unknown, amounts | 


Identified resources 4 Hypothetical resources ? 


Bedded Residual Vein Bedded Residual Vein 
Alaska> Soe Se 21 eat Bike 5,000 Se eee 1103000 
Washington _______ 500 ——— 100 1,000 4 500 
aho? #2: 5 S2eeieees 500 2S. 100 1,000 aa 500 
Montanagg= == Soe See 500 ea shar 1,000 
Galiformnia— 1,000 ahs 5,000 5,000 = 25,000 
Nevada =—— = 35,000 eae 1,000 50,000 SSeS 1,000 
Arizona’ #52 522228 = was 1,000 =e aie 1,000 
New Mexico ~_-____ pee eS 100 sees, = 100 
Witah*"".. > 'iSes2s=" ———— a 100 a= =o S= 100 
Golorado) 222523 — aoe Boe 500 25 <= 1,000 
Oki ahomagee =a 25 25-2 peains 50 aes 
Texas! i>52i 222-3 so = 100 ——— = 100 
iWasconsing- = ——- 5,000 = oe 1,000 
Missouri = Sees 155000 500 == 5,000 2,000 
JINVENES =a Se 10,000 — ——— 5,000 ee — 
Hlinoise +e =co= — 5,000 | as 5,000 
Kentucky) =o === sss= — 5,500 ae 6,000 
Tennessee _________ PE 3,000 1,000 aso 6,500 15,000 
Alabama) ==) 222 2——— aoe 25 = ast 500 ——— 
Georgia’, 4.22 = 2 te 2,000 = soe 5,000 225= 
South Carolina —~__ ees Stree 1,000 =_ es se 2,000 
Northy Carolinae==—ne == =aeis 200 a a= = 1,000 
Varah, se eaee 25 ea, ZS 500 a 
Maryland _________ ——— ar 5 4 5 5 
Pennsylvania ~~~ ___ =a5= =F 5 ees 5 Ssee 
Connecticut —~_____ a, = ———— wea anes 500 
Sub total 
(rounded) — 47,000 20,000 31,700 62,000 17,500 72,800 
Total, all types 

(rounded) — = eee 99,000 Soe 52,000) 


1Tdentified resources: Specific, identified mineral deposits that may or 
may not be evaluated as to extent and grade, and whose contained min- 
erals may or may not be profitably recoverable with existing technology 
and economic conditions. 

* Hypothetical resources: 
recoverable or subeconomic grade, 
existing in known districts. 


Undiscovered mineral deposits, whether of 
that are geologically predictable as 


currently minable ore (reserves) and lower grade 
material of subeconomiec value (conditional re- 
sources) . 

Deposits of bedded barite in the identified re- 
sources include those within 500 feet of the surface 
whose ore contains at least 40 percent barite. Ores 
containing 40 to about 92 percent must be benefici- 
ated to yield a product for drilling mud. Flotation 
techniques for concentrating these ores are in com- 
mon use. Selective mining in many of the deposits 
yields substantial tonnages of barite that requires 
only grinding for use as drilling mud. 

Estimates of the identified resources of barite in 
residual deposits include materials to a depth of 
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250 feet (most are much shallower) that contain 
more than 125 pounds of recoverable barite per cubic 
yard of residuum processed. This cutoff includes 
material that is subeconomic by the 1972 standards 
of about 220 pounds of barite per cubic yard of 
residuum. An identified resource of 1.9 million tons 
of barite is reported in 67 tailings ponds in the 
Washington County barite district, Missouri (Whar- 
ton, 1972, p. 55). 

Identified resources of vein material include ores 
in a wide variety of grades, with and without po- 
tential coproducts in deposits within 1,500 feet of 
the surface. The common coproducts are, or could 
be, one or more of the following: fluorspar and 
minerals of lead, zinc, silver, gold, and rare earths. 
Some of these barite ores must be literally redis- 
covered in known metal districts. In earlier times, 
bodies of mixed ore, especially of barite and fiuor- 
spar, were bypassed in mining because it was then 
impossible to beneficiate them economically. Tech- 
niques for the beneficiation of these mixed ores are 
now available. The estimates of resources also in- 
clude some barite available by reprocessing mine 
dumps and tailings ponds. Parts of settling ponds 
at old washer plants in the Washington County 
district, Missouri contain as much as 35 percent 
fine-grained barite. 

Barite resources of Alaska have scarcely been 
evaluated, but are of considerable interest because 
of anticipated oil production on the Arctic slope. 
Vein deposits were mined in 1972 on Castle Island 
in the Petersburg region, and vein deposits in the 
Skagway area have been recently described by Mac- 
Kevett (1971). A potential ore target for barite, 
fluorite, and metal sulfides has been identified near 
Nome on the Seward Peninsula (Brobst and others, 
1971). In northern Alaska, gray barite occurs in 
cherty rocks of Paleozoic age (Tailleur, 1970), and 
abundant barium occurs in shales of Mesozoic age 
that are rich in organic matter (Tourtelot and Tail- 
leur, 1965). The distribution of the occurrences sug- 
gests that the Brooks Range might also contain 
barite deposits of commercial value. 

Hypothetical resources listed in table 13 were esti- 
mated for each type of deposit using the same limit- 
ing depth as for the identified resources; however, 
the cutoff for bedded deposits is reduced to 30 per- 
cent barite and for residual deposits to 75 pounds of 
recoverable barite per cubic yard of residuum proc- 
essed. The grade of vein deposits included in this 
estimate varies as widely as in identified resources, 
but a favorable potential for coproducts is regarded 
as economically necessary for exploitation. 

A summary of the world’s identified and hypo- 


thetical resources of barite is shown by continent 
in table 14. The identified resources are extrapolated 


TABLE 14.—World resources of barite in millions of metric 


tons 
Hypothe- Specula- 

Area Identified 4 tical 2 tive ® 
North America ________ 118 180 400 

Central America and 
the West Indies _____ 2 5 10 
South America ________ 15 20 100 
Bunope 2s. 2e ae. Siow 75 85 220 
RACE Te Geta ero eee ee tea ae 38 50 200 
Aisiayy Deteh eb) eee 52 50 300 
Oceania, =S3 4a ee 10 10 50 
Totalsi2.0ke Dee 310 400 1,280 


1Tdentified resources: Specific, identified mineral deposits that may or 
may not be evaluated as to extent and grade, and whose contained min- 
erals may or may not be profitably recoverable with existing technology 
and economic conditions. 

* Hypothetical resources: Undiscovered mineral deposits, whether of re- 
coverable or subeconomie grade, that are geologically predictable as 
existing in known districts. 

8 Speculative resources: Undiscovered mineral deposits, whether of re- 
coverable or subeconomie grade, that may exist in unknown districts or 
in unrecognized or unconventional form. 


from world reserve data described and tabulated by 
Brobst (1970). Outside the United States, perhaps 
as much as 75 percent of the identified barite re- 
sources are in vein deposits, many of which are 
mined or are minable for multiproducts. The hypo- 
thetical resources are predicated on estimates for 
similar types of deposits in the United States. 

Barium-rich nodules have been found on great 
areas of the sea floor. The barite might eventually 
be recovered as a coproduct with other materials, 
notably manganese, although much remains to be 
done on the recovery and processing techniques. The 
resources probably are large, but they are as yet 
mostly unmeasured, and none are included in the 
total for identified resources of conventional de- 
posits. 

Barite is associated with carbonatite in east 
Africa and probably elsewhere in the world, but the 
commercial potential of these deposits remains to 
be evaluated fully. 

In northern Honshu, Japan, layered volcanic rocks 
of Miocene age contain black ore (kuroko) consist- 
ing of economically recoverable amounts of pyrite, 
barite, copper, lead, zinc, silver, and gold. The 
geology and beneficiation of these ores have been 
described recently (Mining Engineering, 1969). 
Deposits similar to these also might occur in the 
Western United States and other countries in the 
circumpacific volcanic belt. Deposits of this type 
probably have not been sought in many places where 
potential for their discovery is good. 


SPECULATIVE RESOURCES 
The speculative resources, those of undiscovered 
districts, are large. 
It is highly probable that additional deposits of 
black bedded barite will be found in dark siliceous 
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sequences of sedimentary rock of Paleozoic age in 
Arkansas, Nevada, and California. Some bedded 
deposits also might occur in the Ouachita Mountains 
of eastern Oklahoma. The potential for the discov- 
ery of bedded deposits of value in Alaska is great. 
The Appalachian region probably has never been 
explored for bedded deposits. The bedded deposits 
tend to be large but are easily overlooked. They are 
worthy targets for exploration in sedimentary rocks 
throughout the world. 

Undiscovered deposits of considerable size prob- 
ably occur in the Appalachian region from Penn- 
sylvania to Alabama in the residuum of Cambrian 
or Ordovician carbonate rocks. Additional districts 
the size of the Sweetwater district, Tennessee, and 
the Cartersville district, Georgia, probably are hid- 
den in the region. Other new districts containing 
residual deposits of barite may be found in the mid- 
continent region in the residual mantles on barite- 
bearing rocks. 

The speculative resources of barite in vein de- 
posits are large. Much barite will become available 
as a coproduct from base-metal, rare-earth, and 
fluorspar veins. Discovery of at least one other fluor- 
spar district containing large amounts in the mid- 
continental United States and similar to the Illinois- 
Kentucky district seems probable. The discovery of 
additional rare-earth and barite deposits such as 
those in the Mountain Pass district, California, also 
is probable. 

The caprock and environs of the salt domes in the 
coastal areas of the Gulf of Mexico and other re- 
gions of the world might contain barite deposits. 
Abundant chloride and sulfate ions in connate 
waters in this environment enhance the possibilities 
for concentration of barite there. 

The world’s speculative resources of barite are 
listed in table 14. Speculative resources of the United 
States are estimated to be about 250 million metric 
tons (1 short ton equals 0.91 metric ton) as com- 
pared with 400 million metric tons of barite for all 
North America. Speculative resources for Europe 
and North America are proportionally smaller as 
compared to their identified and hypothetical re- 
sources than are those for other regions of the 
world, because more intensive exploration has been 
done on those two continents and deposits are cor- 
respondingly less likely to remain undiscovered. 


PROSPECTING TECHNIQUES 


Sophisticated technical methods for prospecting 
barite deposits have not yet been developed, chiefly 
because new deposits have been fairly easy to find 
in known districts. The success of future prospect- 


ing will be increased if prospecting is guided by a 
knowledge of geologic associations and the role of 
barite in the sedimentary environment. Deposits 
should be sought in residuum overlying carbonate- 
rich rocks, especially those of Cambrian or Ordo- 
vician age. Other areas of well-weathered rocks that 
have been hosts for veins or pods of barite also 
should be examined. The fetid black beds of barite 
occur abundantly in sequences of dark siliceous 
rocks of mid-Paleozoic age. The widespread, but 
probably mistaken, idea that the black bedded de- 
posits must be of hydrothermal origin has diverted 
the attention of prospectors from search in sedi- 
mentary basins that lack intrusive igneous rocks. 
Geochemical techniques may be helpful in prospect- 
ing for barite deposits because increased concen- 
tration of barium has been noticed in rocks enclos- 
ing barite-rich zones in Arkansas (Brobst and 
Ward, 1965). Gravimetric surveys have potential 
use in prospecting (Uhley and Scharon, 1954). 


PROBLEMS FOR RESEARCH 


Research on problems relating to the evaluation 
of barite resources has one focal point: to get the 
information necessary to convert hypothetical and 
speculative resources to identified resources, which 
is a fundamental reason for doing research on the 
geology of any mineral commodity. 

Further studies of the geochemistry of barium are 
needed to understand the processes at work in the 
mobilization, transportation, and concentration of 
barium, especially in the sedimentary environment. 
The role of connate water in the formation of barite 
deposits requires further examination. Barium is an 
abundant accessory element in the ash of many coals 
and in some Alaskan oil shales; this fact suggests 
that factors leading to the concentration of the 
organic materials favor the concentration of barium. 
The function of organic materials and bacterial 
processes in precipitating barium is a virtually un- 
explored field and should be investigated. A ques- 
tion remains akout the so-called residual barite de- 
posits: Does the barite of these deposits become 
concentrated mechanically or are solution and re- 
deposition of the barite also involved? The relation 
of bedded barite deposits to bedded phosphate de- 
posits needs examination. New information about 
any of these subjects should help to define new areas 
and targets worthy of exploration for barite. 

The close association of barium minerals with 
those of fluorine, rare earths, manganese, lead, zinc, 
and precious metals in vein deposits should be 
studied further. The use of barium as a tracer in 
the search for deposits of other coexisting elements 
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has not been tested thoroughly. 

Better conservation of barium would be possible 
if supplies of barite available as a coproduct were 
utilized more fully. Techniques also might be de- 
veloped to extend known barite resources through 
the reuse of barite and barium products, almost none 
of which are recovered for reuse in today’s salvage 
and recycling operations. 
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ABSTRACT OF CONCLUSIONS 


Beryllium metal is used in a variety of products in which 
its low density and other physical properties are particularly 
valuable. More than half the metal produced is used with 
copper in strong, fatigue-resistant alloys. Beryllium oxide 
and beryl are used in many ceramic and other products, The 
total amount used is small; less than 1,000 tons of beryl- 
lium was used in all forms in the year of highest consump- 
tion. The annual consumption may increase to as much as 
4,000 tons by the year 2000. 

About 95 percent of the beryllium ore used in the United 
States has been imported, three-fourths of it coming from 
Brazil, the Republic of South Africa, India, Argentina, and 
Mozambique. Significant domestic production began in 1969 
and probably will increase until it accounts for at least half 
the ore consumed. 

The resources of beryllium in known domestic deposits are 
estimated at 60,000 tons, and these can be increased by fur- 
ther exploration to become sufficient to supply our needs for 
many decades. 


INTRODUCTION 


The beryllium industry is both small and young 
as compared with most base-, ferrous-, and light- 
metal industries. Beryllium thus is one of many 
minor commodities, one that has been rather highly 
publicized because of glamorous actual and potential 
uses in nuclear energy and manufacture of space 
vehicles. Nonetheless, many important uses for 
beryllium have developed during the 40 years since 
production began. The industry is shifting from 
complete dependence upon imported beryl concen- 
trates derived from small pegmatitic deposits to 
the mining of large domestic nonpegmatitic deposits. 
Deposits containing 60,000 tons of metal—enough 
to satisfy national needs for several decades—were 
found in about 10 years. More deposits doubtless 
can be found if markets develop sufficiently to 
stimulate prospecting. 


PROPERTIES AND USES OF THE METAL 


Beryllium, with a specific gravity of 1.85, is one 
of the lightest metals stable in air. Like aluminum, 
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it develops a coherent oxide coating when exposed 
to air, which protects it from further oxidation and 
increases its apparent hardness. Unfortunately, 
oxygen-free beryllium metal is very difficult to pre- 
pare. Most metal in commerce contains nearly 2 
percent oxygen, which contributes to its brittle- 
ness. This brittleness requires production of articles 
by powder metallurgy and machining—a costly pro- 
cedure—and limits reshaping by rolling or drawing. 

The high thermal conductivity, high melting point, 
high specific heat, low density, and rigidity of the 
metal make it useful in heat sinks and in specialized 
structural elements for aircraft and spacecraft. Its 
low neutron absorption and its emission of neutrons 
under appropriate gamma or alpha bombardment 
lead to uses in nuclear energy. In the early 1970’s, 
nearly 20 percent of the beryllium extracted was 
used as the metal. 


PROPERTIES AND USES OF BERYLLIUM ALLOYS 


More than half the beryllium reduced from its 
ore is used in alloys, principally in beryllium-copper 
alloys containing about 2 percent beryllium and 
about 0.2 percent nickel or cobalt. These alloys have 
the greatest strength and wear resistance of any 
nonmagnetic material, with a tensile strength about 
twice that of hard-drawn iron and two-thirds that 
of mild steel. They also are excellent conductors of 
electricity and heat and are very resistant to cor- 
rosion. Below a temperature of about 300°F, they 
are much more resistant to fatigue than steel. They 
are much used in springs, electrical connectors, and 
many other specialized items. The use of the alloys 
in computers and other electrical equipment has 
resulted in greatly increased consumption during the 
last 20 years. 

Beryllium has been used in small amounts with 
nickel to make hardenable alloys with very high 
tensile strength that are usable at higher tempera- 
tures than copper alloys. 

In light alloys with aluminum and magnesium, 
beryllium can improve the properties or facilitate 
the production of the metal. Addition of 0.02 per- 
cent of beryllium to aluminum-magnesium alloys 
reduces reaction with green sand molds and im- 
proves oxidation resistance. It eliminates the need 
for elaborate precautions against burning of mag- 
nesium, inasmuch as the molten metal containing 
beryllium can be poured safely at a temperature of 
1,400°F. “Lockalloy,” containing 62 percent beryl- 
lium and 38 percent aluminum, has some of the desir- 
able properties of beryllium, is reasonably workable, 
and can be used at temperatures as high as 800°F. 
Various composite materials containing beryllium in 


nonbrittle matrices are strong and light. 


PROPERTIES AND USES OF THE OXIDE 


Beryllium oxide is the third major form in which 
beryllium is used. This oxide, with a high melting 
point, a high thermal conductivity, and very low 
electrical conductivity, can be used as an electrical 
insulator in applications where heat must be trans- 
ferred or dissipated, as in power transistors. The 
high thermal conductivity results in high thermal 
shock resistance, which is important in special 
ceramics. These, and the nuclear properties, lead to 
the use of beryllium oxide in reactor fuel elements. 


BERYL AS AN INDUSTRIAL MINERAL 


In addition to the uses of beryllium that require 
extraction of the metal from its ore, there are many 
uses that are met by incorporating undecomposed 
beryl into an industrial product. These uses account 
for about one-tenth of the beryl ore used during the 
last 20 years. Some of these uses are chemical— 
the addition of beryllium to a ceramic or glass mix; 
others rely upon one or more physical properties of 
the mineral beryl itself such as its structure, its 
thermal conductivity, or its ability to adhere to 
plastics. 


END USES OF BERYLLIUM 


The amount of beryllium used in various ways 
in the United States is summarized in table 15. 


TABLE 15.—EHnd uses of beryllium in the United States, 1968 
[Data from Heindl, 1970, p. 498] 


Percent 


Use Short tons of total 

Nuclear applications ------_-___- 35 10 
Guided missiles and space vehicles 35 10 
InstLuMent ss === ee 45 13 
Switchmgear) 2-6 ees tees 90 26 
Welding equipment —~------------ 40 11 
Electronic computers --------__- 40 11 
Radio and television equipment__-_ 25 6 
Otheria=s 2 2= 22s SOO eee 38 13 

Rota]! ee ees EN 348 100 


SECONDARY RECOVERY 


Much recoverable beryllium scrap is produced in 
making articles out of beryllium metal. This is an 
inevitable result of the necessity of making blank 
or roughly formed pieces of metal by powder metal- 
lurgy, then machining the final product from them. 
Not much metal, however, can be salvaged from 
the final articles. Components of missiles and rockets 
are commonly destroyed in use, whereas those of 
manned capsules and orbiting observatories may be 
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recoverable. Many beryllium aircraft parts can 
readily be salvaged; so can beryllium used in nu- 
clear energy establishments, if it is not too strongly 
contaminated by radioactive substances. Beryllium- 
copper alloy is used mostly to make very small items 
and this beryllium generally cannot be salvaged. 
The same is to a large extent true of the beryllium 
in ceramic ware, whether high or low in BeO. 


TOXICITY OF BERYLLIUM AND ITS COMPOUNDS 

Much was written during the 1940’s and 1950’s 
about the toxicity of beryllium and its compounds. 
Subsequent studies have shown that the ores are not 
hazardous and that industrial products can be han- 
dled safely with reasonable precautions. The tox- 
icity has caused few restrictions on its use, the most 
notable being its elimination from phosphors in 
fluorescent lamps and its exclusion from the fuel 
of most rockets. 


HISTORY OF PRODUCTION AND 
CONSUMPTION 


The beryllium industry is rather new; commer- 
cial production began in the United States in 1932. 
Consumption increased steadily until 1943, as indi- 
cated in figure 11. After the World War II stimulus 
and the postwar slump, ore consumption increased 
rather steadily until about 1960, but since then it 
has not changed greatly. In most years imports of 
beryl ore have exceeded consumption, and stockpiles 
have accumulated. The opening of the beryllium 
mine near Delta, Utah, in 1969, and release of ore 
from the Federal stockpile are at least partly re- 
sponsible for the relatively low imports in 1970 and 
1971. This proportion of imports probably will con- 
tinue, with about half of the U.S. needs imported, 
the other half produced domestically. Thus, increas- 
ing amounts of beryllium will be obtained from 
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F1GuRE 11.—Beryl ore imported and consumed by U.S. industry, 1936-71. Nonberyl ore, recalculated to equivalent amounts 
of beryl ore, not important before 1969. Data from U.S. Bureau of Mines Minerals Yearbooks. 
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nonberyl ores. Nonberyl ores were recalculated as 
equivalent amounts of beryl in preparing figure 11. 
There has otherwise been little change in the sources 
(table 16) since 1939, when Brazil first became a 


TABLE 16.—Sources of beryl ore used in the industry of the 
United States 


[Data from U.S. Bureau of Mines, 1953; 1953-69] 


Percent of total 


Country 

1936-51 1952-59 1960-68 
Bra 71) eee oe ee eee 2p eee 49 27 32 
Republic of South Africa __ 10 11 5 
india gg ee ees Se ee 8 11 13 
Argentina __- 12 15 10 
Mozambique 2 13 10 
United States _ 10 5 4 
HieibHo eee ey ee ee See 5 7 
hodesiapetee = - eee 4 7 3 
Kenyavand | Wrandal see <li 8 
Ausimalltay peso = AE 4 2 5 
Malagasy Republic ____-____  —___- 2 3 
Onur Aleee ee ener es a ee 2 <All 
Oth erg eee 1 <il Kil 
Total tons beryl 

(@ounded) were =s = === =- === 32,000 98,000 161,000 


major exporter. One evident feature is the decreas- 
ing portion mined within the United States. 


FUTURE CONSUMPTION 


The history of beryllium use has been one of 
diversification. The metal has gone into many end 
products, no one of which has been a very large 
part of the total. The rate of growth, therefore, has 
been rather steady for many years, following an 
exponential curve; the major fluctuations result 
from sporadic government programs in armaments, 
nuclear energy, and space. The assured supply of 
raw material from Spor Mountain, Utah, doubtless 
will encourage the development of additional uses 
by potential consumers who lack confidence in a 
dependable supply of imported bery] ore. It is likely, 
even, that this new source of ore will stimulate uses 
sufficiently to bolster the market for beryl. Con- 
sumption may well increase threefold or fourfold 
by the year 2000, with the use in that year of 
3,000-4,000 tons of beryllium in all forms. About 
4,500 tons of metal would then have been used of 
our total known domestic resources of about 60,000 
tons. Perhaps the use in light alloys—with alumi- 
num and magnesium—will increase more than other 
uses. 


EXTRACTIVE METHODS 


To extract beryllium, beryl ore is heated, with or 
without fluxes, and then is leached to give an aque- 


ous solution of beryllium fluoride or sulfate. In the 
United States, Kawecki-Beryleo Industries sinter 
finely pulverized beryl with fluorides and sodium 
carbonate, then leach the sintered material with 
water to obtain a beryllium-fluoride solution from 
which beryllium hydroxide is precipitated. Brush- 
Wellman Co., in an alternate process, fuses lump 
beryl ore, quenches the melt, and leaches the beryl- 
lium with sulfuric acid. Ore can also be mixed with 
a carbonate flux, fused, then leached with sulfuric 
acid. The nonberyl ore from Spor Mountain, Utah, 
yields its beryllium upon leaching with sulfuric acid 
with no pretreatment. All these procedures can 
extract more than 90 percent of the beryllium in 
the ore. 

The different extraction methods are not equally 
applicable to all types of ore, and therefore are of 
significance in assessing the resource potential of 
various beryllium-rich materials. The fuse-quench 
method is well adapted to coarse beryl ore, but not 
to low-grade ore, nonberyl ore, or to fine-grained 
concentrates. The fluoride-sintering method requires 
fine grinding of ore and can readily handle flotation 
concentrates, even if the beryllium is contained in 
minerals other than beryl. Apatite and fluorite, 
which commonly accompany beryl in pegmatitic and 
hydrothermal deposits, respectively, reduce the ex- 
tractability of beryllium by the fluoride method but 
not by carbonate fusion—sulfurie acid leach meth- 
ods; these methods may therefore come into use 
despite their comparatively high reagent costs. 

The novel extractive procedure developed for use 
with the ores of Spor Mountain, Utah, may be the 
precursor of markedly modified or new technologies 
for use on other nonpegmatitic ores. 


GEOLOGIC ENVIRONMENT 
GEOCHEMISTRY 


Beryllium has one stable isotope, Be®, which is 
the only one involved in industrial use and in most 
geochemical and geological processes. Three unstable 
isotopes, Be’, Be’, and Be”, are produced by cosmic- 
ray interaction with the upper atmosphere. 

The beryllium content of the earth’s crust is esti- 
mated to be 2—3.5 ppm (parts per million). All but 
a very small percentage of this metal is contained 
in the common rock-forming minerals and not in 
beryllium-rich minerals. This dispersal is caused by 
its ability to replace silicon—its ionic radius (0.31 
A) is near that of the silicon ion (0.41 A). How- 
ever, because of the difference in charge (+2 in- 
stead of +4), the difference in size, and the greater 
tendency of beryllium to form covalent bonds, the 
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substitution of beryllium for silicon impairs the 
stability of a crystal’s structure. Hence, beryllium 
is most concentrated in minerals whose structures 
are most tolerant of the resulting distortion. Plagio- 
clase feldspar probably contains much of the earth’s 
beryllium, but micas and clays are also important 
hosts. 

During the crystallization of a magma, beryllium 
becomes progressively more concentrated in the 
fluid as crystallization proceeds. One result of this 
is an increasing concentration of beryllium in suc- 
cessively younger rocks in genetically related suites. 
This enrichment reaches a point where beryllium 
minerals can form only in the presence of complex- 
ing agents, such as F- or CO;~—?, that keep an un- 
usually large proportion of the beryllium in the 
residual liquids. In igneous rocks the beryllium con- 
tent therefore increases along with silica and alkali 
contents. The average content of beryllium in peri- 
dotite is less than 0.25 ppm, that of basalt and gab- 
bro is about 0.5 ppm, and that of rhyolite and gran- 
ite is about 5 ppm. Detailed study of each of these 
groups shows the relations to be complex. For ex- 
ample, in silicic rocks the beryllium content passes 
through a maximum as silica content increases. In 
addition, the average beryllium content of plutonic 
rocks is higher than that of volcanic rocks, perhaps 
reflecting the loss of beryllium in vapors during 
volcanism. 

The very coarse texture of pegmatites has made 
them difficult to sample for beryllium content, al- 
though the coarseness facilitates the determination 
in the field of the contents of beryl and other eco- 
nomic minerals. 

In a series of related pegmatites, the beryllium 
content can increase in successively intruded rocks 
to a maximum of about 180 ppm; it then remains 
rather uniform. This is apparently the maximum 
concentration that can be reached through mag- 
matic processes in magmas of granitic composition. 
Much higher beryllium contents may characterize 
beryl-rich inner zones of pegmatite dikes, but aver- 
aging these with the larger beryl-poor outer zones 
shows that few, if any, bodies contain more than 
200 ppm overall, which corresponds to about one- 
half of 1 percent beryl. This is the maximum grade 
that can be expected in large bodies of pegmatite. 
Most pegmatites contain much less and may average 
a few tons of parts per million of beryllium. 

Beryllium is very scarce in most hydrothermal 
deposits, generally constituting 1 ppm or less. Ores 
formed by replacement commonly contain about as 
much beryllium as the rock that was replaced. For 
example, most tactites in limestone contain less than 


1 ppm beryllium, and replacement veins in granite 
or gneiss commonly contain a few parts per million. 
Certain hydrothermal deposits are low in base and 
precious metals but are rich in beryllium. They gen- 
erally contain fluorite, magnetite or hematite, car- 
bonate minerals, zinc minerals, and if fluoritic, one 
or more metals that, like beryllium, form water- 
soluble fluoride complexes, such as tin, tungsten, 
bismuth, manganese, rare earths, titanium, or nio- 
bium. These metals are largely in oxygen com- 
pounds; sulfide minerals are rather uncommon. 

Beryllium is released from the rock-forming min- 
erals as they weather, and is incorporated in clay 
minerals. Thereafter, it remains in clayey soil or 
is carried off in suspension in running water. Most 
coarse sedimentary materials—pebbles, sand, and 
derived rocks—have low beryllium contents, corre- 
sponding to that of the quartz that is generally the 
dominant component. Near beryllium deposits, 
coarse sediments may contain detrital particles of 
beryllium minerals, many of which are resistant to 
weathering. Industrial beryl, and gem chrysoberyl, 
phenakite, and euclase (AlBeSi0O,(OH)) have been 
mined. from such extremely local concentrations. 
Very little migration of beryllium takes place in 
solution in normal waters because the beryllium re- 
leased upon weathering is quickly adsorbed by min- 
eral particles. High acid or carbonate- or halide- 
rich water can cause small-scale migration of beryl- 
lium, but not on an economically important scale. 

The beryllium contents of rocks change very little 
with metamorphism. Thus, most micaceous meta- 
morphic rocks contain a few parts per million of 
beryllium, and quartzite and marble contain very 
little. 


MINERALS 


The only beryllium mineral that has had much 
economic importance is beryl, which has yielded 
nearly all the beryllium used in industry. Bertrand- 
ite, phenakite, helvite, chrysoberyl, and barylite are 
known to occur in moderately large deposits. The 
other 39 known beryllium minerals have been found 
in only small amounts. It is possible that some of 
them will become important, as bertrandite and 
barylite have. Twenty years ago bertrandite and 
barylite were thought to be very rare, but now they 
are known to form large bodies of present or po- 
tential economic value. The common or important 
minerals are shown in table 17. 


TYPES OF BERYLLIUM DEPOSITS 


Beryllium deposits can be divided into two broad 
categories: (1) pegmatitic, and (2) nonpegmatitic 
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TABLE 17.—Characteristics of berryllium minerals known to form large deposits 


Usual 


Associated minerals 


Mineral BeO content Hardness Specific Common Size of 
(percent) gravity colors grains Pegmatitic deposits Nonpegmatitic deposits 
Beryl (BesAlSicsOis) ~----- 12=13°5 a3) 2.6 —2.9 White, <0.1 inch— Quartz, sodic Quartz, fluorite, 
pale 2 feet plagioclase, carbonates, iron 
blue, microcline, oxide minerals, 
or muscovite, 
green. spodumene. 
Bertrandite 42 6 2.6 White __<0.001-% Beryl, quartz, Quartz, beryl, 
(BesSi0;(OH)2). inch. feldspars. fluorites, car- 
bonates, iron 
oxide minerals. 
Phenakite (BeSi0:) ----- 45 7.5 2.9 —3:0 White __<0.1-2 Beryl, quartz, Beryl, fluorite, 
inches. feldspars, topaz carbonates. 
fluorite, 
topaz. 
Chrysoberyl (Al:BeO:) __- 19.8 8.5 3.5 -8.8 Green, <0.1-2 Microcline, Fluorite, disapore, 
yel- inches. sodic plagio- tourmaline. 
low. clase, quartz, 
beryl, mica. 
Helvite 11-14 5.5-6.5 3.16-3.66 Brown, <0.1-3 Feldspars, Quartz, fluorite, 
((Mn,Fe,Zn;) BesSi;0.0S). yel- inches. quartz, carbonates, iron 
low, fluorite oxide minerals. 
gray. 
Barylite (BaBe:Si,0;) ___- 16 U 4 Wihiteyir-<05tninch Sis eee eee Quartz, albite, 
yel- carbonates, sodic 
low. amphiboles. 


or hydrothermal. Each of these must be further sub- 
divided: the pegmatitic into fine-grained unzoned 
deposits and coarse-grained zoned deposits; the 
hydrothermal deposits into several categories, in 
general conforming to Lindgren’s classification of 
hypothermal, mesothermal, and epithermal. 


PEGMATITIC DEPOSITS 


The pegmatitic deposits that are significant as 
sources of beryllium minerals are composed of 
major amounts of quartz, sodic plagioclase, and 
microcline, with or without spodumene, muscovite, 
or lepidolite. The association of beryl with spodu- 
mene is close, and few spodumene-bearing pegma- 
tites lack beryl. Muscovite is also a common associ- 
ate of beryl, especially in nonlithian pegmatites. 
Commonly, however, the muscovite found with beryl 
will not yield sheet mica, which limits the produc- 
tion of beryl as a byproduct from mica mines. 

The fine-grained unzoned pegmatite dikes that 
have attracted most attention as potential sources 
of beryl are aggregates of albite, microcline, spodu- 
mene, quartz, beryl, and muscovite. These are mod- 
erately uniform in composition, differing from place 
to place mainly in the size and orientation of the 
mineral particles. Spodumene and microcline crys- 
tals range in maximum dimension from a fraction 
of an inch to a few feet, and lathlike crystals of 
spodumene may be parallel or random in orienta- 
tion. Albite, quartz, muscovite, and beryl form a 
fine-grained matrix that surrounds the spodumene, 
microcline, and lumps of quartz. Fine-grained beryl, 


generally white, constitutes about 14 percent of 
the pegmatite. 

These pegmatites are important sources of spodu- 
mene, scrap mica, and feldspar, but the small 
amount and fine grain size of the beryl have pre- 
vented its recovery, even in conjunction with flota- 
tion of the other minerals. 

Most zoned pegmatites are composed of the same 
minerals as the unzoned pegmatites. They differ in 
that the proportions of minerals and the textures 
of the rocks vary markedly from place to place in 
a dike, generally changing from the wall to the 
core of the pegmatite body. This internal structure 
of pegmatite dikes is uniform throughout the world. 
Near the walls the rock consists of plagioclase and 
quartz, with or without muscovite or microcline, 
and it has a very coarse granitic texture. Toward 
the center of the dike, this composition gives way 
to a zone of blocky microcline that may be mono- 
mineralic or may contain plagioclase and quartz 
interstitial to the microcline blocks. The center of 
the dike is occupied by a core of quartz. The mar- 
gins of the quartz core are the loci of crystals of 
beryl; some crystals are very large, 3 feet or more 
wide and 20 feet long. The beryl is not evenly dis- 
tributed along the margins of the cores but is in 
pockets separated by barren rock. 

The much less common, but more spectacular, 
zoned lithian pegmatites usually have spodumene- 
bearing zones between the microcline-rich zone and 
the quartz core. Many of these zones are rather 
similar in composition to the unzoned spodumene- 
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bearing pegmatites. The crystals of spodumene and 
beryl may be very large, which permits them to be 
recovered by hand sorting in rather simple mining 
operations. 

The coarse zoned pegmatites have yielded nearly 
all the beryl used in industry. 


HYDROTHERMAL DEPOSITS 


The hydrothermal deposits that are of most in- 
terest as actual or potential sources of beryllium 
ore are mainly hypothermal types formed at high 
temperature and at least moderate depth, and epi- 
thermal types formed at shallow depths. These de- 
posits have provided a very small proportion of the 
total supply of ore but will become dominant in the 
near future. 


HYPOTHERMAL DEPOSITS 


Hypothermal deposits are generally quartz-rich 
moderately coarse-grained veins and beryl-bearing 
granite, both associated with greisen. In North 
America they are most commonly mined for tung- 
sten, but a few have yielded tin minerals, and the 
ones near Lake George, Colo., were mined for beryl 
and bertrandite. Other examples of beryllium- 
bearing hypothermal deposits are those near Lost 
River, Alaska; in the Bagdad area, Arizona; in the 
Mineral and Sheeprock Ranges, Utah; and in the 
Mount Wheeler and Eureka areas, Nevada. Most of 
these are veins in silicate rocks; a few, as in Nevada, 
are in carbonate rocks; and in the Sheeprock and 
Mineral Ranges beryl is dispersed in granite. 

Contact-metasomatic deposits are hypothermal 
replacement bodies in carbonate rocks, most com- 
monly along or near contacts of intrusive rocks. 
They contain a wide variety of silicate minerals and, 
rather uncommonly, helvite. Much of the beryllium 
reported in these deposits is contained in idocrase 
or other minerals of low-beryllium content. The de- 
posits at Iron Mountain, N. Mex., have been thor- 
oughly studied. Others are at Iron Mountain, N.H., 
and in the Victorio Mountains, N. Mex. 


MESOTHERMAL DEPOSITS 


The mesothermal deposits that yield most of our 
lead, zinc, and copper are notably poor in beryllium. 
A little helvite has been found in deposits rich in 
rhodochrosite or rhodonite near Philipsburg, Mont., 
and Silverton, Colo., but these deposits show no 
promise as sources of beryllium. 

For convenience, the chrysoberyl deposits of the 
Seward Peninsula, Alaska, are included here, al- 
though they might also be grouped with the hypo- 


thermal deposits with which they are associated. 
These replacement bodies in limestone consist 
largely of very fine grained fluorite, diaspore, and 
chrysoberyl, and they lack silicate gangue minerals. 
They contain some of the largest known resources 
of beryllium and of fluorite and may form the basis 
for a multiproduct mining operation. 


EPITHERMAL DEPOSITS 


Concentrations of beryllium minerals in epither- 
mal deposits were overlooked for many years because 
they are not closely associated with the famous 
gold- and silver-bearing sulfide deposits of this 
genetic type. Instead, they are in sulfide-poor altered 
rocks that contain small amounts of fluorite as the 
only readily recognizable economic mineral. The 
largest known beryllium deposits are the epithermal 
mantos at Spor Mountain, Utah, in which a rhyolite 
ash bed containing as much as 65 percent of lime- 
stone and dolomite in pebbles and cobbles was re- 
placed by montmorillonite, silica, fluorite, adularia, 
and bertrandite. The ore is too fine grained to be 
beneficiated, but nearly all the beryllium can be 
leached from it with acid. A somewhat similar de- 
posit is a few miles north of Iron Mountain, N. Mex. 

Large veins of quartz, calcite, adularia, and ber- 
trandite cut monzonite in the Gold Hill district, 
Utah, and are unusual in that they contain no fluor- 
ite and are not in calcareous host rocks. 


REGIONAL DISTRIBUTION OF BERYLLIUM DEPOSITS 


Pegmatite deposits of Paleozoic age have been 
found along much of the Appalachian Mountains 
from Nova Scotia to central Alabama. Beryl is 
widespread in the northern Appalachians, but is 
largely restricted in the southern Appalachians to 
the tin-spodumene belt near Kings Mountain, N.C., 
the Amelia-Powhatan County area, Virginia, and 
the Troup County area, Georgia. Pegmatites of Pre- 
cambrian age yield beryl in the Black Hills, 8. Dak., 
northern Colorado, northern New Mexico, and 
south-central Wyoming. Beryl-bearing pegmatites 
are not as productive elsewhere in the west. 

Nonpegmatitic deposits have an entirely different 
distribution. Most are in the block-faulted regions 
of the West, and a few are in strongly faulted areas 
in Alaska, the Mississippi Valley, and northern New 
England. The beryllium deposits are in, and prob- 
ably are features of, fluorspar metallogenic prov- 
inces, especially in the West, where they commonly 
are associated with igneous rocks of middle or late 
Tertiary age. Many of the deposits are in limestone 
or dolomite. 
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RESOURCES 


The only resources that have been reasonably well 
delineated in pegmatites are those in the fine-grained 
spodumene-bearing pegmatites that are being mined 
for lithium. These contain a very large amount of 
beryl; 800,000 tons has been estimated to be in the 
pegmatites of North and South Carolina alone. How- 
ever, because of the low beryl content of the rock 
(about one-half of 1 percent) and its fine particle 
size, this beryl will not be economically recoverable. 
Hence, it is not included in the resource tabulation. 

The coarse zoned pegmatites, on the other hand, 
contain beryl that is readily recoverable, but the 
known beryl] resources are no more than 10,000 tons, 
because no exploration is done in advance of mining. 

The larger nonpegmatitic deposits are persistent 
enough to be explored thoroughly before mining and 
to yield fairly reliable resource estimates with mini- 
mal exploration. The three largest districts, Spor 
Mountain, Utah; Seward Peninsula, Alaska; and 
Gold Hill, Utah, account for most of the resources 
of beryllium in known nonpegmatitic deposits as 
given in table 18. 
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TABLE 18.—EHstimated resources of beryllium, in short tons 
of metal 


In known deposits In undiscovered deposits 


Non- Non- 
Peg- peg- Peg- peg- 
matitic matitic matitic matitic 
United States ____ 300 60,000 600 250,000 
Other countries ___ 600 32,000 4,500 400,000 


The 60,000 tons of beryllium in nonpegmatitic 
deposits in the United States are in deposits dis- 
covered in a period of about 10 years, after which 
exploration abruptly ceased. Additional deposits 
doubtless remain to be discovered. These are as- 
sumed to contain about four times as much beryl- 
lium as the deposits that are now known. The fol- 
lowing characteristics of major districts were used 
in evaluating potential future discoveries: most 
beryllium districts (1) are associated with high- 
angle faults of regional extent, generally block 
faults; (2) are in fluorite metallogenic provinces; 
and (3) have calcareous rocks as the most favorable 
host for mineralization. Figure 12 shows areas that 
are most promising for additional exploration. It 
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FIGURE 12.—Areas of the conterminous United States in which beryllium deposits are most likely to be found. 
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should be emphasized that the diagnostic character- 
istics given above pertain to most, but not all dis- 
tricts. Beryllium districts may well be found that 
do not conform to these generalizations, but their 
potential cannot now be estimated. 

Beryllium minerals of hydrothermal deposits sel- 
dom can be recognized readily in the field, and the 
deposits themselves are likely to be covered by soil. 
Hence, they are most likely to be found by a study 
of regional geology, followed by geochemical surveys 
of the most promising areas. Resources now known 
are large, but small-scale search is justified for de- 
posits that might be better economically than those 
that are now known. 
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ABSTRACT OF CONCLUSIONS 


In the United States, bismuth is largely a byproduct from 
ores of other metals with which it is associated, principally 
lead and copper. Lesser amounts of bismuth are found in 
molybdenum, gold, silver, tin, tungsten, and zine ores. The 
United States consumes annually as much as four times the 
amount of bismuth recovered from domestic ores; thus, the 
United States must rely on imports for 50—75 percent of its 
supply. The three principal uses of bismuth in the United 
States at present are in the manufacture of pharmaceuticals 
(medicines and pearlescent cosmetics), low-melting alloys, 
and metallurgical additives. 

A continued supply of bismuth must come as a byproduct 
from the major producers of lead, zinc, and copper in the 
Western United States. Other potential sources in the United 
States are molybdenum and tungsten ores, coal ash from 
West Virginia coals, and oceanic manganese nodules. Bis- 
muth is known to occur in lead deposits in the Appalachian 
Mountains from North Carolina to Maine. Host rocks include 
Precambrian dolomites west of the Adirondack Mountains 
in New York and Precambrian and Cambrian schists east of 
the Blue Ridge in North Carolina. Bismuth content of some 
metamorphic rocks in the Piedmont province is relatively 
high. Pegmatites in southeastern Pennsylvania and in west- 
ern Maine commonly carry native bismuth and bismuthinite 
in small amounts. 

Should lead production be curtailed by continued closings 


of smelters, especially those with bismuth recovery units, the 
domestic supply of bismuth will be seriously affected; con- 
sequently, research and exploration for bismuth-bearing 
minerals should be continued. 


INTRODUCTION 


Bismuth is obtained largely as a byproduct from 
ores of other metals, principally lead and copper. 
Lesser amounts of bismuth are associated with mo- 
lybdenum, cobalt, gold, silver, tin, tungsten, and 
zinc. Despite its quantitative scarcity, the frequency 
of occurrence of bismuth is remarkably high. The 
bismuth minerals bismite (Bi.O;) and bismuthinite 
(Bi.S;) are widely distributed in small quantities in 
ores throughout all the continents (Paone, 1970). 
Bismuth reserves in the United States are dependent 
on western U.S. lead reserves, which average about 
7 pounds bismuth per ton of lead (0.35 percent), or 
100 ppm (parts per million) bismuth in 3-percent 
lead ore (R. L. Erickson, written commun., 1972). 

Free-world countries known to have major bis- 
muth reserves are Japan, 95,200,000 pounds; Mexico, 
25 million pounds; and Peru, 20 million pounds. 
Bolivia, Canada, South Korea, France, and Yugo- 
slavia together have a reserve of about 18 million 
pounds (U.S. Department of the Interior, 1972, p. 
24-26). 

The principal uses for bismuth are in low-melting 
alloys, in metallurgical additives for aluminum, car- 
bon steel, and malleable iron, in pearlescent cos- 
metic pigments, in medicines, and in a variety of 
other smaller specialized applications. The largest 
single use of bismuth continues to be in the phar- 
maceutical field. 

Small quantities of bismuth compounds are used 
as an accelerating agent in the rubber vulcanizing 
process. A bismuth-cadmium alloy is used in the 
production of some selenium rectifiers, and a few 
thousand pounds of metal is consumed each year in 
the manufacture of bismuth-tellurium electronic 
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devices. Experimental uses and some laboratory 
reagent chemicals account for small additional quan- 
tities (Bancel, 1971). 

The future for bismuth seems good. However, 
much of the demand for bismuth depends somewhat 
on the state of health of the aircraft and automobile 
industries. These affect lead production, and in- 
creased lead production should normally increase 
bismuth production. 

The search for new and undiscovered sources of 
bismuth will correspond to the search for bismuth’s 
associated metals, such as cobalt, copper, gold, lead, 
molybdenum, silver, tin, tungsten, and zinc. Ash 
from some coals contains as much as 0.0038 percent 
bismuth, or 30 ppm (Goldschmidt, 1935). 

Estimated annual production of bismuth in the 
United States ranged from 590,000 pounds in 1962 
to approximately 850,000 pounds in 1971. These 
figures probably include some bismuth produced in 
the United States from foreign ores. The United 
States consumed from 2,175,038 to 3,199,321 pounds 
of bismuth metal annually during 1963-70; in 1971, 
consumption dropped to 1,648,718 pounds. World 
bismuth production in 1971 (excluding People’s Re- 
public of China and U.S.S.R.) totaled 7,990,000 
pounds (Cook, 1972). 

U.S. bismuth demand is forecast to increase at an 
annual rate of 3 percent, and the domestic consump- 
tion in the year 2000 is estimated to range from 3 
to 5.2 million pounds (Charlie Wyche, oral commun., 
1972). Though the supply of bismuth seems assured, 
exploration cutbacks, production problems (such as 
strikes, continued smelter closings, or mine fires), 
or nationalization of foreign mines may result in a 
reduction of much-needed imports as well as domes- 
tic production. The bismuth supply situation could 
then become most critical. 


EXPLOITATION 


Bismuth, a metallic element, was probably un- 
known to the Greeks and Romans; in the Middle 
Ages it became familiar but was frequently con- 
fused with other metals, such as tin, lead, antimony, 
and zinc. In the 15th century Basil Valentine re- 
ferred to it as ““wismit.” About 1597, the efficacy of 
bismuth nitrate in treating intestinal disorders was 
discovered by Andreas Lebanius, and the element 
has been used for that purpose to the present. How- 
ever, it was not until the 18th century that J. H. 
Pott, C. J. Geoffrey, and T. Bergman produced pure 
bismuth metal. Beginning in 1833 with the Patti- 
son process for desilverization of lead bullion and 
attendant extraction of bismuth alloy, continued 
development and improvement of metallurgical 


processes for extraction and purification of bismuth 
have resulted in commercial availability of bismuth 
metal of 97.995 percent purity. 

Bismuth compounds were noted initially for their 
soothing effects on human digestive disorders and 
healing effects on wounds and sores. This property 
of bismuth was exploited in many medicinal and 
cosmetic preparations, and until 1930 some 90 per- 
cent of the bismuth used was for this purpose. The 
development of low-melting alloys has since resulted 
in a wide variety of industrial applications of bis- 
muth alloys and chemical compounds such as metal- 
lurgical additives for aluminum, carbon steel, and 
malleable iron and in pearlescent pigments. The 
major current uses for metallic bismuth depend on 
its ability to impart fusibility and machinability to 
a variety of alloys. The United States consumes con- 
siderably more bismuth than is recovered from 
domestic ores and must therefore rely on imports 
for 50-75 percent of its supply (Persse, 1970). 
Major sources of imports in 1971 were Mexico, 
Japan, and Peru. Refinery production of bismuth in 
the United States is mainly from the American 
Smelting and Refining Co. in Omaha, Nebr.; U.S. 
Smelting, Refining, and Mining Co. at Hast Chicago, 
Ind.; and Southern California Chemical Co., Los 
Nietos, Calif. 

Reductions in lead production and subsequent 
closures of any lead refining facilities will seriously 
affect the bismuth supply in the United States. Cur- 
rent environmental problems are having a serious 
impact on the domestic mining industry and will 
continue until such problems can be solved. 


GEOLOGIC ENVIRONMENT 
GEOCHEMISTRY 

The average bismuth content of the earth’s crust 
is estimated at 0.1 ppm or one part in 10 million. 
Bismuth’s abundance is reported to be highest in 
oceanic manganese nodules, where it ranges from 
0.5 to 24 ppm, and is next highest in silicic rocks, 
in which it ranges from 0.02 to 0.9 ppm (Michael 
Fleischer, written commun., 1970). Analyses from 
various sources indicate that the abundance of bis- 
muth in coal ash may be as much as 0.003 percent, 
or 30 ppm (Goldschmidt, 1935). 

Bismuth, like arsenic and antimony, is chalcophile, 
and all three show a strong affinity for sulfur. Most 
bismuth-bearing minerals crystallize in late mag- 
matic stages or are deposited by relatively hot hydro- 
thermal solutions. Throughout the geochemical cycle, 
bismuth is comparatively readily precipitated as 
basic carbonate which forms during the hydrolytic 
decomposition of bismuth salts in aqueous solution. 
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Bismuth, therefore, becomes concentrated in the 
hydrolyzates. Although the biological role is un- 
known, bismuth is known to occur in some marine 
organisms (Rankama and Sahama, 1950). 


BISMUTH ORES 

Most bismuth produced in the United States is 
a byproduct of lead refineries which treat crude 
bullion, flue dust, and other metallurgical products. 
The bismuth content of ores and concentrates is 
generally so low that it is not reported in assays, 
even from mines known to be relatively rich in 
bismuth; thus the primary sources of bismuth are 
known only in a general way (Cooper, 1962). 

MAJOR SOURCES 

Hypogene deposits in the Western United States 
account for most of the domestic bismuth produc- 
tion. These deposits generally formed at high to 
medium temperatures, commonly within or near 
intrusive igneous rocks. A few small pockets of 
bismuth ore have been mined from pegmatite dikes, 
quartz veins, and contact-metamorphic deposits, but 
most of the bismuth occurs as a minor constituent 
of ores of silver, lead, zinc, copper, gold, tungsten, 
and molybdenum. Lead and lead-zine ores that are 
high in bismuth also tend to be high in silver, gold, 
and commonly copper. A distinct association of bis- 
muth with silver is apparent in some mines. 

Lead-zinc-silver replacement deposits in limestone 
have probably been the most important sources of 
bismuth in the United States. Deposits of this type 
occur at Leadville and Gilman, Colo.; Tintic and 
Little Cottonwood, Utah; Darwin, Calif.; and Pata- 
gonia, Ariz. In these deposits the bismuth occurs 
in the oxidized as well as in the sulfide ores. Pri- 
mary bismuth minerals, where known, include bis- 
muth sulfosalts of lead, silver, and copper, bismuth- 
inite, and native bismuth. 

Complex lead-copper-silver-bismuth ores have 
been mined in the Red Mountain, Poughkeepsie 
Gulch, Upper Uncompahgre, Mineral Point, Engi- 
neer Mountain, and Lake City districts in the San 
Juan Mountains, Colo., and also in the Montezuma 
district in the Front Range, Colo. The ore bodies 
are small, but some are very rich in bismuth and 
precious metals. 

In the Coeur d’Alene district, Idaho, bismuth in 
recoverable amounts has been reported from the 
Sunshine mine and certain other mines in the 
“Silver Belt.”” Gold-bismuth ores are reported from 
gold deposits in Riverside County, Calif., and Grant 
County, N. Mex. Relatively abundant bismuth min- 
erals are reported in complex gold ores of the Boise 
Basin district, Idaho; the Goldfield and Yellow Pine 


districts, Nevada; and the Argenta and Elkhorn 
districts, Montana. Lead and zine ores and concen- 
trates from deposits of the Mississippi Valley type 
contain no detectable bismuth. 


MINOR OCCURRENCES 

Bismuth minerals, generally in very minor quan- 
tities, have been reported in many gold-quartz veins 
in the southern Piedmont gold belt, which extends 
from northern Virginia southwestward to Alabama 
in the southeastern part of the United States. These 
deposits are of general interest only. 

Lead deposits from North Carolina to Maine con- 
tain 0.05 ppm to as much as 1 percent bismuth. The 
eastern lead deposits occur in the Appalachian 
Mountains and on the west side of the Adirondack 
Mountains in New York. All the deposits are in 
rocks that have been folded and faulted to a con- 
siderable extent. The host rocks include Precam- 
brian dolomite on the west side of the Adirondacks, 
Precambrian or Cambrian schists in the districts 
east of the Blue Ridge in North Carolina and Vir- 
ginia, lower Paleozoic dolomites west of the Blue 
Ridge in Tennessee and Virginia, Silurian conglom- 
erates in southeastern New York, and both Precam- 
brian granitic rocks and Triassic red beds and dia- 
base in southeastern Pennsylvania. The Piedmont 
province is composed of Precambrian and highly 
metamorphosed Paleozoic rocks, relatively high in 
bismuth, whereas Triassic rocks are low in bismuth 
and high in antimony. Pegmatites in southeastern 
Pennsylvania and in western Maine commonly carry 
native bismuth and bismuthinite in small amounts. 

The spatial proximity of igneous intrusive rocks 
to which the deposits can be related genetically 
varies from district to district. Deposits in the west- 
ern Adirondack Mountains are associated with 
Precambrian granite intrusives, and those east of 
the Blue Ridge occur near batholithic masses of 
granite to which a Devonian or late Paleozoic age 
has been ascribed. 

Native bismuth and other bismuth minerals are 
reported in placer gold deposits at many localities 
in Alaska and some localities in the southwestern 
and Rocky Mountain States. Bismuth minerals are 
said to be very abundant in the black sands in the 
Boise Basin district, Idaho, and some other locali- 
ties, but bismuth is not known to have been recov- 
ered from these sources. 

Bismuth is reported to occur in uranium veins in 
the Ralston Buttes district, Jefferson County, Colo., 
and native bismuth and emplectite (CuBiS.) have 
been found in some deposits. A fairly clean hand- 
picked sample of pitchblende from the Schwartz- 
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walder mine reportedly contained 1.5 percent bis- 
muth. Bismuthinite, native bismuth, and their oxi- 
dation products are reported in uraniferous veins 
in the White Signal and Blackhawk districts, New 
Mexico. Bismuthinite and molybdenite are reported 
in a vein containing brannerite in Mono County, 
Calif. A brannerite-rich mill product from Climax, 
Colo., also is reported to contain bismuth, which 
occurs in the range of 10-100 ppm in the Climax 
molybdenum deposit. No bismuth is known to have 
been recovered from uranium deposits in the United 
States. 

The known bismuth deposits in Alaska are of 
minor importance and probably would not yield 
significant amounts of the metal. Vein deposits from 
which native bismuth and bismuthinite are reported 
include those along Charley Creek about 25 miles 
north of Nome; on Eva and Moose Creeks about 36 
miles south of Nenana; on a headwater tributary 
of Fish Creek, about 15 miles northeast of Fair- 
banks; and along No Grub and Caribou Creeks in 
the Salcha River drainage. In these veins, native 
bismuth and bismuthinite are commonly associated 
with sulfide minerals, and with graphite and schee- 
lite, in gold-quartz veins within igneous and (or) 
metamorphic rocks. The veins are generally less than 
1 foot thick and commonly are localized by joint or 
foliation planes (Berg and others, 1964, p. 98; 
Cobb, 1970). 


RESOURCES 
IDENTIFIED RESOURCES 

Measured, indicated, and inferred reserves of 
domestic recoverable bismuth associated with cop- 
per, lead, and zine ores in Arizona, California, Colo- 
rado, Idaho, Montana, Nevada, New Mexico, and 
Utah are estimated at 26,400,000 pounds; in addi- 
tion, potential bismuth resources in these ores are 
estimated at about 10 million pounds (Persse, 1970). 

There is a potential resource of some 200,000 
pounds of bismuth in domestic tungsten resources. 
However, only minor amounts of bismuth have been 
recovered from tungsten ores because the amount 
present seldom exceeds the maximum impurity al- 
lowance. Hence, its value would not offset the cost 
of recovery. 


HYPOTHETICAL AND SPECULATIVE RESOURCES 

The search for bismuth as an independent metal 
seems unfeasible because its association with lead, 
copper, molybdenum, tin, tungsten, and zine will 
insure a bismuth supply, especially from the West- 
ern States. 

Hypothetical bismuth resources may exist in 
smelter products. However, throughout the history 


of lead smelting few analyses have been made spe- 
cifically for bismuth, and major smelting companies 
have analyzed only sporadically for bismuth. 
Analyses of bismuth in coal and coal ash indicate 
a source of bismuth, but only a few scattered occur- 
rences have been noted. Data available indicate 
that certain coals may contain approximately 1 
pound of bismuth in each 200 tons of coal. No 
technology has been developed for the removal 
of bismuth from coal or coal ash, and to our knowl- 
edge, no systematic studies are underway pertain- 
ing to the recovery of bismuth from coals. 


PROSPECTING TECHNIQUES 

Prospecting techniques that have had major roles 
in the discovery of new ore deposits, especially for 
copper, molybdenum, gold, silver, lead, and zinc, 
and indirectly for bismuth, are detailed geologic 
mapping, airborne and ground geophysics, geo- 
chemical exploration, drilling, and imagery. Prob- 
ably little or no prospecting for bismuth has been 
done in the United States. 


PROBLEMS FOR RESEARCH 

The geology of bismuth, where it is known to 
occur with tungsten, molybdenum, oceanic man- 
ganese nodules, and coal, should be thoroughly in- 
vestigated. In addition research needs to be done to 
ascertain potential bismuth resources in smelter 
products and coal ash and studies should be carried 
out on smelter byproducts to identify bismuth 
source areas in the United States. 
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ABSTRACT OF CONCLUSIONS 


Bitumen-bearing rocks occur in many areas in the United 
States, but few deposits have been exploited or evaluated for 
their total energy potential. The evaluated deposits are a 
relatively small part of North American resources of bitu- 
men-bearing rocks and probably will not contribute to U.S. 
energy needs before 1985. Studies of known but unap- 
praised deposits, especially extensive subsurface tar sands, 
will greatly increase total resource estimates. Technological 
advancements are needed in tar-sand processing, especially 
for in situ recovery methods. 


INTRODUCTION 


Nonfluid petroleum occurs as interstitial deposits 
in numerous types of rock. These rocks and their 
associated hydrocarbons are commonly treated as 
one group, regardless of rock type, and have been 
referred to as tar sands, oil-impregnated rocks, 
asphalt-bearing rocks, oil sands, bitumen-bearing 
rocks, and petroleum-impregnated rocks. As used 
in this report, the term “bitumen-bearing rocks” 
is all-inclusive and, on the basis of information 
drawn from several reports, is defined as follows: 


Consolidated or unconsolidated rocks whose inter- 
stices contain viscous to semisolid to solid petroleum 
which in its natural state cannot be recovered by pri- 
mary petroleum-recovery methods. This definition in- 
cludes vein, dike, and asphalt-lake deposits as well 
as disseminated deposits, but it excludes pyrobitu- 
mens (such as coal and oil shale) and fluid bitumens. 

Nonfluid bitumen occurs principally as dissemi- 
nated deposits in small pore spaces spread through- 
out rock material. Bitumen content may be as much 
as 20-25 percent by weight but is normally much 
less. Bodies of homogeneous semisolid to solid 
hydrocarbon, containing very little rock material, 
occur in vein, pod, and lake deposits. These occur- 
rences make up a small part of the total resource. 
Relatively small deposits can be developed, how- 
ever, because of the purity of the ore. 

Utilization of bitumen-bearing rocks in the 
United States has been chiefly in road building. Be- 
cause of competition from refinery asphalt, the de- 
mand for native asphalt, supplied by bituminous 
sandstone and bituminous limestone, has not kept 
pace with the 20th-century surge in road construc- 
tion. (See section “Exploitation.”) Gilsonite is the 
only solid hydrocarbon produced in appreciable 
amounts. It is used in ink, paint, battery boxes, and 
numerous other manufactured items and is refined 
to produce high-quality coke and gasoline. 

The Athabaska tar sands in Canada are being 
mined and processed by GCOS (Great Canadian 
Oil Sands, Ltd.) to produce crude oil. GCOS is pro- 
ducing about 45,000 barrels of oil per day, and 
they plan to increase production. Other companies 
also plan to add new installations. 

In 1967, tar-sand deposits in Albania, Rumania, 
and Russia and an asphalt-lake deposit on the island 
of Trinidad were being exploited; in 1964 the La 
Brea, Trinidad, operation produced 189,246 tons of 
material (Phizackerley and Scott, 1967, p. 571). 

The United States possesses a rather small part 
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of the world’s resources of bitumen-bearing rocks. 
The in situ bitumen in all U.S. deposits that have 
been studied is here estimated to total a maximum 
of approximately 29 billion barrels (table 19). Nu- 
merous U.S. deposits need additional study. It should 
be noted, however, that any future estimate of 
energy in all bitumen-bearing rocks of the United 
States will probably be small compared to estimates 
for the remainder of the world. The estimate of 
world resources in major tar-sand deposits (those 
containing more than 15 million barrels of bitumen 
in situ) is 915.2 billion barrels (Phizackerley and 
Scott, 1967, p. 551). 

Although substantial tonnages of tar sand in the 
United States are available for producing crude oil, 
there seems to be little incentive to develop the de- 
posits in the near future. The National Petroleum 
Council, in its assessment of future energy supplies 
and demands, has predicted that Canadian deposits 
will be the primary and probably the only North 
American source of tar-sand oil through the year 
1985 (Burk, 1971, p. 171). 


EXPLOITATION 


In many States, bituminous sandstone and bitu- 
minous limestone have long been mined commer- 
cially for use as road material, but currently there 
is activity at only a few places. The demand for 
asphalt, although it has increased greatly in recent 
years, is being supplied mostly by refinery asphalt. 
In 1968, bituminous limestone was produced in Ala- 
bama and Texas, and bituminous sandstone was 
produced in Kentucky and Missouri. During 1948— 
68, production of native asphalt and bitumens 
(bituminous sandstone, bituminous limestone, and 
gilsonite) increased from 1,136,126 to 1,786,840 
short tons, and during the same period, there was 
approximately a threefold increase in production 
of refinery asphalt and road oil (Redfield and 
Spencer, 1950; Kirby and Moore, 1969). 

Two basic production methods are used to recover 
the bitumen: (1) strip mining followed by extrac- 
tion treatment and (2) in situ extraction. The first 
method recovers about 90 percent of the bitumen, 
and the second method 35-50 percent (Burk, 1971, 
p. 178). Mining and hot-water extraction method is 
being used in commercial development of the Atha- 
baskan tar-sand deposits. The depths to which strip 
mining is feasible are limited, however, and deeper 
deposits will require in situ recovery methods. Ex- 
perimentation with in situ recovery has had only 
limited success. Some nonfluid bitumen deposits con- 
tain appreciable amounts of sulfur and certain 
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metals that may, with proper treatment, be recov- 
ered profitably. 

Environmental problems that may be associated 
with a large-scale tar-sand development have not 
been studied extensively but in handling huge ton- 
nages of material in a strip-mining operation some 
problems can be predicted, for example, water pol- 
lution, silting of streams, and unstable fill. In situ 
recovery has the advantage of not disturbing the 
surface, but the disadvantage of a lower bitumen 
recovery rate. 


GEOLOGIC ENVIRONMENT 


Nonfluid bitumen deposits occur most abundantly 
in sandstone and limestone, in lesser amounts in 
other types of sedimentary rocks, and rarely in 
igneous and metamorphic rocks (commonly adja- 
cent to petroliferous sedimentary source rocks). 
Primary pore spaces in clastic rocks are host to 
more than 95 percent of the bitumen in deposits 
studied in detail. In secondary openings produced by 
weathering, solution, and structural movement, 
hydrocarbon deposits of gilsonite, ozocerite, and 
grahamite have been found. Gilsonite deposits 
in vertical veins in eastern Utah and western 
Colorado are the only sizable accumulations of 
solid hydrocarbons in the United States. 

Sedimentary rocks containing bitumen represent 
a variety of environments of deposition, including 
marine, nearshore, and fluvial. Most of the large 
bitumen-bearing sandstone deposits occur in estua- 
rine or fresh-water rocks (Phizackerley and Scott, 
1967, p. 566), along basin margins where petroleum- 
bearing beds have been tilted and brought to or 
near the surface. Some bitumen-bearing rocks occur 
adjacent to faults, joints, unconformities, brecciated 
zones, and other geologic features which allow 
gases and light oil fractions to escape from accumu- 
lations of liquid petroleum. 

The source and evolution of nonliquid bitumen 
evidently are not the same in all deposits. Studies 
of various deposits yield evidence to support all the 
following statements about the bitumen: (1) formed 
in situ, (2) migrated to present location, (3) a 
precursor of liquid petroleum, (4) a residue of 
liquid petroleum, (5) was deposited with the sedi- 
ment, and (6) accumulated after deposition of 
sediments. 


RESOURCES 


Bitumen deposits in the United States are nu- 
merous and some individual deposits are extensive, 
but the fragmental information available does not 
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permit a detailed estimate of the total resources. 
Many deposits are characterized by extreme and 
abrupt vertical and lateral changes in bitumen con- 
tent of the impregnated rock sequence. Evaluation 
requires closely spaced surface and subsurface data 
points, but in many areas it is not feasible to gather 
such data. Thickness, percentage of bitumen, lateral 
extent, and other characteristics of most of the 
deposits are poorly known. The larger deposits for 
which estimates have been made are given in table 
19. Appraisal of other known deposits will result in 


TABLE 19.—Deposits of bitumen-bearing rocks in the United 
States with resources of at least 1 million barrels 


[Sources of data: Ball Associates, Ltd. (1965); Burk (1971) ] 


Bitumen 

resources 

Age Name Type (millions 

of deposit of deposit of barrels, 

rounded) 

California 
Late Miocene dnay) =o -A22 >a = Sandstone 922 —">=-——-— > 141-166 
and early 

Pliocene. 

Doge South Casmalia __.__Diatomaceous mudstone 46 

and vein deposits. 

Done === — North Casmalia —___~_—~ Og ee eee 40 
Pliocene ~-_--~-_ SISqUOCIIe=) hee Sandstone|s S225. S222 see 26-50 
Miocene __-_--~-_ Mantay Cri Z a Ohare rr re ee 10 
Pliocene and NMcKatiricks === === doit f= 2 Sa aa ee ee 5-9 

Pleistocene. 

Miocene —______ iPointyArenag === es (OSS a eee 1 
Kentucky 
Pennsylvanian -—Kyrock area ~_____ Sandstone} (222222 2s eee 18 
Doyen ane = Davis-Dismal area ______ Oye aa ee eee 7-11 
Dorases Bee Spring area —______ doy eet. Se eee 
New Mexico 
‘Trassie 252-8 Santa Rosa —______ Sandstone) S225 2 3. = 2s 22 57 
Texas 
Cretaceous _____ Uvalde p22s-sssce= Limestone fs 124-141 
Utah 
Permian and Tar Sand Triangle -Sandstone __________ 10,000—18,100 

Triassic 
ocene; === —— I 1h, Ripa Se dow =e 3,700—4,000 

DOME ea SUNN YSIGet ee ee ee dO: EMEA 4 AEs EE 2,000-—3,000 
Triassic! poss 2 = CirclemClifisy =23 = = do} 282-5 ee = 1,000-1,300 
Cretaceous and Asphalt Ridge -__-_____ doy ea see 1,000—1,200 

Oligocene. 

Jurassic === =~ Whiterocks; “222252 222" = dot nant Hae osee cee 65-125 
inoceneye= san HillfiGreeksf 2325 — 22 = = dO) eo aaa oe ht 300-400 

100) =e Takem Hore eee ee ee don eee See ee 15-20 

Dope Raventehide epee do eee eae 100-125 

Do) 252-2 =-3 RimpRock 222 sae Oye SS ee oes = Se 30-35 

DMN te a 18,693-28,862 


an appreciable increase in the estimate of total re- 
sources. Collation of information from exploratory 
wells in the Rocky Mountain States that are known 
to contain extensive subsurface tar-sand deposits 
will add a major segment to the resource estimate. 
The major tar-sand deposits of the world (those 
with more than 15 million barrels of bitumen in 
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situ) are estimated to contain 915.2 billion barrels 
of bitumen, of which about 710 billion barrels is 
attributed to Canada and 200 billion barrels to 
eastern Venezuela (Phizackerley and Scott, 1967, 
p. 551). Some other authors estimate that the east- 
ern Venezuelan tar-sand resources are comparable 
to those of Canada, and Burk (1971, p. 174) men- 
tioned that although deposits in Colombia have not 
been well defined, available information suggests 
the possible presence of almost a trillion barrels of 
bitumen in situ. Phizackerley and Scott (1967 p. 
570) stated that very little information is available 
concerning Russian tar sands, but that one Siberian 
deposit reportedly contains impregnated Permian 
sandstone in an area the same order of size as the 
Athabaskan deposits. 

Numerous reports deal with bitumen-bearing 
rocks in the United States, but few of these give 
data that can be used for resource estimates. Ball 
Associates, Ltd. (1965), in a survey of available 
data, listed 546 occurrences of bitumen-bearing 
rocks in 22 States, but scant data permit estimates 
of partial resources for only seven States. Readers 
who want details of individual deposits should con- 
sult the report of Ball Associates, Ltd. (1965) and 
a comprehensive annotated bibliography by Mullens 
and Roberts (1972). Brief descriptions of some of 
the more significant near-surface deposits, taken 
mostly from the report of Ball Associates, Ltd. 
(1965), follow. 

Alabama.—Bitumen is found in several beds of 
sandstone and limestone of Mississippian age within 
a northwest-trending band, about 70 miles long and 
8 miles wide, that extends across six counties in the 
northwestern part of Alabama. Some impregnated 
beds are as much as 20 feet thick, although most are 
less than 12 feet thick. Bitumen contents of as much 
as 15 percent by weight have been reported for 
assayed samples. The Alabama Geological Survey 
is studying the deposits. 

Alaska.—Many bitumen-bearing rocks and oil 
seeps in Alaska have been reported, but owing to 
the nature of the terrain and structural deforma- 
tion, little is known of the extent or thickness of 
impregnated beds. 

California.—Nearly all bitumen deposits in Cali- 
fornia occur near the margins of sedimentary basins 
in rocks of Miocene and Pliocene age. The deposits 
are concentrated in the southwestern part of the 
State within 75 miles of the coast. Large tonnages 
are available in San Luis Obispo, Santa Barbara, 
Santa Cruz, and Kern Counties. In San Luis Obispo 
and Santa Barbara Counties, large deposits have 
been investigated for oil-mining possibilities, but 
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thus far none have been developed commercially. 
In California, the bitumen resources in only seven 
deposits, the largest being in the Edna district, San 
Luis Obispo County, are about 300 million barrels. 

Kansas.—The principal deposits of bituminous 
rocks in Kansas are in the east-central and south- 
eastern part of the State and are of Pennsylvanian 
age. The bitumen is in beds of porous sandstone and 
limestone in a stratigraphic sequence exposed across 
several counties in a band 15-40 miles wide. A core 
from an area in the southeastern part of the State 
shows a bitumen-impregnated sandstone 100 feet 
thick containing 65,000 barrels of oil per acre in 
situ. 

Kentucky.—In west-central Kentucky sizable de- 
posits of bitumen-bearing rocks occur, and in a few 
counties of eastern Kentucky minor accumulations 
occur. The asphalt-bearing strata are predominantly 
sandstone of Pennsylvanian and Mississippian age 
and have reported bitumen content of as much as 
10 percent by weight. Estimates of bitumen re- 
sources for three areas in Kentucky are given in 
table 19. 

Missouri.—Known deposits of bitumen are widely 
distributed in 21 counties in western Missouri. The 
deposits occur in both sandstone and limestone of 
Mississippian and Pennsylvanian age, but mostly 
in Pennsylvanian sandstones. The impregnated rocks 
of Mississippian age are mostly limestones located 
in the zinc-lead mining area in the southwestern 
part of the State. Maximum reported thickness of 
impregnated rocks is 30 feet, and maximum bitu- 
men content is 15 percent by weight. No bitumen 
resource estimates have been made for Missouri, 
although some deposits are known to be extensive. 

New Mexico.—One economically important tar- 
sand deposit occurs in New Mexico, and that is in 
the Santa Rosa Sandstone (Triassic) in Guadalupe 
County. The bitumen-bearing zone is as much as 
60 feet thick and contains as much as 8 percent 
hydrocarbon by weight. A resource estimate for the 
Santa Rosa Sandstone is given in table 19. 

Oklahoma.—Ball Associates, Ltd. (1965, p. 227-— 
231) listed 80 areas containing petroleum-impreg- 
nated rock located in 21 Oklahoma counties. The 
largest deposits are in sandstones and limestones of 
Ordovician age in Murray County. The sandstone 
contains as much as 14 percent bitumen by weight. 
Other bitumen deposits are found in rocks ranging 
in age from Ordovician to Cretaceous. 

Texas.—Cretaceous rocks, in a northeast-trending 
area that extends across the middle one-third of 
Texas, contain most of the known bitumen deposits 
of the State. The largest deposits, in the Uvalde 


UNITED STATES MINERAL RESOURCES 


district (table 19), are in the Anacacho Limestone. 
The bitumen-bearing sequence is as much as 200 
feet thick, and its maximum hydrocarbon content 
is 20 percent by weight. 

Utah.—Outcrops of tar sand are found in many 
sections of eastern Utah. The largest outcrops are 
situated around the margin of the Uinta Basin and 
in a triangle-shaped area west of the confluence of 
the Green and Colorado Rivers. The deposits in the 
Uinta Basin are, for the most part, in rocks of Ter- 
tiary age. Some impregnated zones extend through 
several hundred feet of sandstone and related rocks. 
Asphaltic zones in the ‘‘Tar Sand Triangle” are ex- 
tensive and are as much as 250 feet thick. They 
occur in rocks of Permian and Triassic age. The 
estimate of nonfluid bitumen in Utah has been 
greatly increased as a result of recent studies by the 
Utah Geological and Mineralogical Survey. 

Gilsonite is the only solid hydrocarbon produced 
in appreciable quantities. Utah has all the major 
deposits. The deposits are not large enough, how- 
ever, to contribute greatly to the total energy needs 
of the United States. Original reserves of gilsonite 
are estimated to have been 45 million tons, and much 
ore has been mined from the widest veins. All op- 
erating mines are in Utah. 


PROSPECTING TECHNIQUES 


Discovery of most of the larger known occurrences 
of bitumen-bearing rocks has been due to visible 
indications of impregnations, such as discolored 
rocks and tar seeps. Other deposits have been found 
as a result of mineral-mining operations and ex- 
ploratory drilling for oil and gas. Because there 
has been no rapid depletion of known tar-sand de- 
posits, little attention has been given to developing 
sophisticated tools for prospecting. If the need 
arises for tar-sand exploration, some methods now 
employed in searching for liquid petroleum could 
be adapted to prospecting for nonliquid bitumen. In 
the near future, however, increases in the estimated 
amount of United States tar-sand resources will 
probably be a result of investigations of known 
deposits that have not been evaluated. 


PROBLEMS FOR RESEARCH 


Large reserves of relatively high-grade material 
occurring in a small area are required for large- 
scale economic development of bitumen-bearing 
rocks. In North America, the Canadian tar sands 
are, by far, the deposits best suited for exploitation. 
Development of the Canadian deposits has brought 
great advancement in the technology used in mining 
and processing enormous tonnages of tar sand, but 
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thus far the operation has had marginal economic 
success. 

Most in situ recovery experimentation has not 
been encouraging. Variations in bitumen content, 
physical properties, and water saturation of the 
rocks cause problems in establishing and maintain- 
ing proper underground communication and flow 
rate. 

Additional research is needed for improving in 
situ recovery methods and for determining those 
measures required to protect the environment dur- 
ing tar-sand development. Special attention should 
be given to deposits in arid climates inasmuch as 
a limited water supply could affect all phases of the 
development. 
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ABSTRACT OF CONCLUSIONS 


Cadmium, a trace metal similar to zine in many ways but 
having a much lower crustal abundance, occurs as an im- 
purity in zince-bearing minerals. It is used chiefly in the 
electroplating of fabricated steel products to obtain superior 
corrosion resistance; additional uses are in the manufacture 
of yellow and red pigments, vinyl plastics, phosphors for 
television picture tubes, and nickel-cadmium batteries. None 
of the few independent cadmium minerals currently known 
is sufficiently abundant to be mined as an ore. thus, all 
cadmium produced has been as a byproduct of zine refining 
from sphalerite. World zinc concentrates are estimated to 
contain an average of about one-fourth of 1 percent cadmium, 
of which about 75 percent is generally recovered or can be 
recovered during zine smelting and refining. 


Estimates of world cadmium resources place recoverable 
identified resources at more than 1.2 million metric tons, 
of which about one-fourth is in the United States. Total 
world recoverable and subeconomic resources, both identified 
and undiscovered, are estimated to be in excess of 18 million 
metric tons of contained cadmium. About one-sixth of these 
resources is in deposits believed to be exploitable under 
existing economic conditions. 

Many of the deposits containing the world’s cadmium re- 
sources are the conventional zinc-bearing types, chiefly those 
known as massive sulfide and strata-bound. However, signi- 
ficant low-grade resources occur in phosphorites and such 
black metal-rich shales as the Kupferschiefer of central 
Europe, in which the Cd:Zn ratio is considerably higher 
than in the more conventional deposits. 


INTRODUCTION 


Cadmium is a silver-white soft, malleable metal, 
which with its compounds has a wide range of indus- 
trial uses. Its relative rarity and consequent high 
price, however, have prevented more extensive use 
inasmuch as it is in direct competition with its more 
abundant less expensive sister element, zinc. Cad- 
mium metal has a specific gravity of 8.65, and its 
melting and boiling points are 321°C and 765°C, 
respectively. The high luster on a freshly cut sur- 
face dulls rapidly with the formation of a thin, 
impervious coating of cadmium oxide, which is the 
most important characteristic of its use as a metal. 
All new commercial cadmium is obtained as a by- 
product of zine production, in which it is recovered 
from the fumes released by the roasting of zinc sul- 
fide ores or from sludges generated during the puri- 
fication of the sulfuric acid leachate of roasted zinc 
ore. Thus, most zinc producers also market cadmium. 

Cadmium is available in several forms. It can be 
cast as balls, ingots, slabs, and other shapes, and also 
can be obtained as sticks, flakes, or sponge. Some 
producers also convert the molten metal directly to 
the oxide. For electroplating (see below) as much as 
0.05 percent lead and 0.033 percent zinc is permitted, 
whereas for certain other uses the allowable maxi- 
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mums of zine and lead are less. In addition, cadmium 
used in pigments requires a low content of thallium, 
and cadmium solders cannot contain even trace 
amounts of aluminum. 

The major use of cadmium is in the electroplating 
of fabricated steel products to give them superior 
corrosion resistance. Such electroplating uses about 
50 percent of the available metal. The metal is also 
used in low-melting-point alloys. The chief use of 
cadmium compounds is as pigments; cadmium sul- 
fide, cadmium sulfoselenide, and lithopone generally 
account for the color range of yellow, orange, and 
red in corrosion-resistant paints. Cadmium stearate 
is used as a stabilizer in the production of some of 
the vinyl plastics. Cadmium phosphors are used wide- 
ly in black-and-white television and as coatings for 
fluorescent tubes; these phosphors are also increas- 
ingly being used in color television for blue and green 
components. Cadmium nitrate is one of the chief 
components of the nickel-cadmium battery. Despite 
a variety of substitutes, cadmium is sufficiently 
superior to warrant continued use, and therefore 
most available supplies will be consumed. (See 
Heindl, 1970.) 


EXPLOITATION 


The industrial use of cadmium dates from the 
1870’s, although the metal was first detected as an 
impurity in zine ores as early as 1817. All commer- 
cial cadmium used in the latter part of the 19th cen- 
tury was produced from the ores of the Upper Silesi- 
an zinc-lead district, at that time in Germany but 
after World War I in Poland. The cumulative Ger- 
man, and hence total world production, in the 19th 
century amounted to about 115 mt (metric tons). 
The United States first began to extract cadmium 
from zinc ores of the Joplin district, Missouri, in 
1906 and since then has produced more than 150,000 
mt of this metal. Total world production of cadmium 
thus far in the 20th century has exceeded 320,000 
mt. The annual world production rate was 314, 1314, 
3,150, and 16,000 mt in 1882, 1900, 1935, and 1970, 
respectively. In comparison, the U.S. annual produc- 
tion rate was 6, 112, 1,800, and 4,300 mt in 1907, 
1917, 1935, and 1970, respectively. 

Because cadmium is recovered as a byproduct dur- 
ing the smelting and refining of zinc, its production 
is clearly a function of zine production. (See chapter 
on “Zine.”) However, because cadmium is recovered 
at the smelter, world production more closely paral- 
lels zine smelter production than mine production. 
Comparison of zine production data with cadmium 
production data shows that the world has doubled its 
use of cadmium in the last 15 years, whereas its con- 
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sumption of zinc has required about 20 years to 
double. This somewhat greater increase in the rate 
of cadmium production relative to that of zinc is due 
to the improvement of zinc-refining techniques and 
to the development of more efficient recovery meth- 
ods. At the same time, some major zinc production 
has been shifted to ores somewhat richer in cadmi- 
um, as for example those of the Mississippi Valley 
type. These relations are clearly seen in shift of the 
Zn:Cd ratio of production data from values of more 
than 80,000 in the 1880’s (the first decade of cadmi- 
um production) down to an average of about 525 for 
the 1930’s, 340 for the 1940’s, 350 for the 1950’s, and 
310 for the 1960’s. From the ratio for the 1960’s 
(310) and on the assumption that the average zinc- 
bearing concentrate contains 55 percent zinc and 
that about 75 percent of cadmium in the concentrate 
is recovered, it is estimated that world zine concen- 
trates average about 0.24 percent cadmium. 


GEOLOGIC ENVIRONMENT 


GEOCHEMISTRY 


Cadmium is the chemical element with atomic 
number 48. Cadmium has an atomic weight of 112.41, 
and eight stable isotopes in proportions as follows: 


Tsotope Percent 
Odie Us eek oe 1.22 
Odie 2 ea ss ee oe .88 
Cee ae ee eee oe 12.39 
Gd ite ee deus 22 tls. ae Benes 12.75 
C2 ® se gk cp thay a rah a 2 yt ea 24.07 
CO a en a ee eee 12.26 
Cd --------------------------------- 28.86 
dH. Se See, A See 7.58 


Cadmium has a valence of +2 and an ionic radius 
of 0.97 A. It belongs to Group IIb of the periodic 
system, along with zinc and mercury. Thus, cad- 
mium is chemically very similar to these elements, 
a similarity that accounts for its relative concen- 
tration in zine minerals despite a much larger ionic 
radius (0.97 A versus 0.74 A). However, cadmium is 
relatively more sulfophile than zinc and hence is 
relatively more concentrated in the later stages of 
magmatic differentiation and associated hydrother- 
mal ores and even more so in the low-temperature 
reducing sedimentary environments. This relation- 
ship is clearly shown by the Zn:Cd ratios of various 
geologic materials given in table 20. 


MINERALS 


There are relatively few independent cadmium 
minerals. The native metal is unknown, and natural 
cadmium oxide (CdO) has been found only in Sar- 
dinia, as a coating on hemimorphite. Cadmium sul- 
fide (CdS) occurs both as hawleyite, the cadmium 
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TABLE 20.—Zine and cadmium contents and zinc:cadmium ratios in selected 
geologic materials 


Average metal 


content (ppm) Zn:Cd 
Geologic material ratio Reference 
Zn Cd 

Grustallabundance.= = 91 0.2 455 Zn—“Crustal Abundance,” this 

volume; Cd—Parker, 1967. 
D0 ea ee he te eee 40 15 270 Tourtelot and others, 1964. 
leneouseroCks ie ee 132 15 880 Rankama and Sahama, 1950. 
I) Opeeeeees See oe ee ee) I ee SS 530 Sandell and Goldich, cited by Rank- 

ama and Sahama, 1950. 

Marmaticisultidesss==——— === === ae 8,500 20 425 Rankama and Sahama, 1950. 

Swedish sphalerites --_-_---------------- 544,000 1,700 320 Gabrielson, cited by Rankama and 
Sahama, 1950. 

Estimated average world zinc concentrate_ 550,000 2,400 230 “Zine,” this volume. 

Joplin sphalerites | ==—2—= === 579,600 3,580 162 Siebenthal, 1909. 

Southeastern U.S. sphalerites ___--------- 609,000 5,200 117 Maher and Fagan, 1970. 

Permian phosphatic shale, Wyo ~--------- 10,400 200 52 Love, 1961. 

Bentonites in Pierre Shale ______---__-_-- 110 2.8 39 Tourtelot and others, 1964. 

Blackwshalewes 2 vee eee yee Eee ae a Baa hak oe 10-30 Davidson, cited by Tourtelot and 
others, 1964. 

Kupferschiefer ore, Mansfeld district __-- 9,000 500 18 Cissarz and Moritz, cited by 


analog of isometric sphalerite, and as greenockite, 
the cadmium analog of hexagonal wurtzite—sphaler- 
ite and wurtzite are the two crystalline varieties 
of zine sulfide (ZnS). The anhydrous carbonate 
(CdCO;), otavite, is the cadmium analog of smith- 
sonite (ZnCO;) and can occur as oriented over- 
growths on zinc carbonate crystals. Otavite was first 
found at Tsumeb, near Otavi, South West Africa. 
The most common of the independent cadmium min- 
erals is the sulfide, greenockite. It occurs chiefly as a 
yellowish earthy film or coating on zinc minerals, 
mainly sphalerite, and rarely as crystals. These coat- 
ings form as a result of the low-temperature altera- 
tion of sphalerite, chiefly alteration due to 
weathering. 


ORES 


None of the independent cadmium minerals is 
abundant enough to be an ore mineral, although the 
presence of trace greenockite in slightly altered or 
oxidized sphalerite will slightly enhance the cadmi- 
um content of the zinc-bearing ores. The chief source 
of commercial cadmium is zine ore, and cadmium is 
by far the major metallic byproduct recovered in the 
smelting of zine concentrate and the refining of zinc 
metal. Thus, the major concentrations of cadmium 
reasonably well known today are in the sulfide zinc 
ores, although potential resources exist in other zinc 
ores and in other lesser known potential zinc con- 
centrations. (See chapter on ‘‘Zinc.”’) 

The cadmium content of sphalerite is highly vari- 
able. This zine sulfide, along with wurtzite, generally 
contains from less than 0.1 percent to 1 percent Cd 
and locally as much as several percent. The world 


Rankama and Sahama, 1950. 


average for zinc concentrates, which are dominantly 
sphalerite, is estimated as 0.24 percent Cd in material 
containing 55 percent Zn (table 20). The range and 
average cadmium content of sphalerites from se- 
lected U.S. and Canadian zinc mines and a few other 
occurrences of significance are listed in table 21. 
Higher temperature sphalerites appear to contain 
less cadmium than those formed at lower tempera- 
tures. Some of the lower cadmium values may also 
be due to metamorphism—that is, cadmium is 
mobilized and more widely dispersed preferentially 
to zinc during metamorphism of a preexisting sulfide 
deposit. 


RESOURCES 


Cadmium resources are closely associated with 
zine resources. If the Zn:Cd ratio of 455:1 based on 
crustal abundances of these elements (table 20) is 
valid, then the amount of cadmium in the uppermost 
1 kilometer of the continental crust of the earth is 
about 750 X 10° mt of which about 44 x 10° mt is 
within this depth in the United States. Erickson (See 
chapter on “Crustal Abundance”) estimates world 
and U.S. zine reserve potentials as 3,400 x 10° and 
198 x 10° mt, respectively. If Erickson’s zinc poten- 
tials are presumed to be chiefly in conventional sul- 
fide ores, then similar cadmium reserve potentials, 
based on a Zn:Cd ratio of 230 for world zine concen- 
trates (table 20) can be estimated as approximately 
15 x 10° and 0.86 x 10° mt for the world and the 
United States, respectively. 

Estimates of cadmium resources for the United 
States and the world for this report are listed in 
table 22. These estimates were prepared chiefly by 
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TABLE 21.—Cadmium content, in percent, of sphalerite from selected U.S. and Canadian mining districts and regions 


Number of 
Location analyses Range Average Reference 
Balmat=Wdwards) ONeY. =. 6/5. 2 Ste ee 13 0.08-0.15 0.12 Lenker, 1962. 
Widywandsse NM Yee e ne oe a een ee ere eee SF eee 4 Warren and Thompson, 1945. 
BinanklinaviNaidh. 2225 see eet Sy ee eee 1 GR aes 15 Lenker, 1962. 
niedensvillevs Paige eno pe Le}! pig SOUR .05 Callahan, 1968. 

TONG) peace = eat eed olarak 5 ain Dan ie Sa .20 Warren and Thompson, 1945. 
Birmin@han,, pea pee oe eee sees See ee 3 .08— .16 12 Lenker, 1962. 

AV {RUZ 17 COSA Sh Ss cc me re eka Le tee. 22 Maher and Fagan, 1970. 
Mintbersvallete Wielig ie er ee ee eee 2 .25— 388 32 Lenker, 1962. 

1D Yay bis, Shee ME A he eg MAR ii a! oh | LR 2 .45— .60 52 Maher and Fagan, 1970. 
PAS Stim yale Vita a a 12 138— .18 a5 Lenker, 1962. 
Austinville (and other occurrences in 11 .08— .45 18 Maher and Fagan, 1970. 

Cambrian rocks of southeastern U.S.). 

East Tennessee, Kingsport ores --_-__-__-__-_____ 6 .24— 48 32 Lenker, 1962. 

WO) 2 ae ee ae ee Ne ae eo oe ee 6 .25— .80 AT Maher and Fagan, 1970. 
Ducktown enn S22 os aoe ee een ED 1 (¢) .09 Do. 

MiddlewMennessee veins yee ee ee 6 (?) 1.3 Jolly and Heyl, 1968. 
MiddlemKentuck ya vielnsp oe ee ee 37 (?) 1.34 Do. 
Illinois-Kentucky fluorspar district _______________ 5 38-1.40 69 Hall and Heyl, 1968. 
Uppers Mississippi Valleyass se eee en 6 04— .40 ali7/ Do. 

ris Sbatey a= a—— eae oe oe eae ee a 15 1— .71 34 Siebenthal, 1909. 
Gilman™ Colo aces sate eee en oe ee BE OR ee) | Meee wera 22 Lenker, 1962. 

Rocky Mountain region (U.S. except Butte) ______ 8 1 - 6 .28 Kaiser and others, 1954. 

ID Ole ae ne ae es le EP a ee fg 5 4 -1.0 58 Warren and Thompson, 1945. 
ButteeMonty= ore Arise Selita AW eA. 3 AP Al all Kaiser and others, 1954. 

Doge ee ea ee. sia est Sie >. a atively bs. 3 w= i A, Warren and Thompson, 1945. 
CoetredvAllenes dahoy ae eee ene ener Sal eee 59 .10— .80 .40 Fryklund and Fletcher, 1956. 
MetalinetiWash) (2 £020 ale re eneiaies BR” api 2 <3) = 6 45 Kaiser and others, 1954. 
Northpontaawiashies =e esac Un ies ara 3 ill ag 26 Do. 

Western Canada, chiefly British Columbia ________ 118 pe) = §) 45 Warren and Thompson, 1945. 
Ontaniov¥anda@uebeciee_ au au em Pa ee 5 w= Bi 22 Do. 
Pine Point, Northwest Territories ________________ 4 06= 15 oilil Evans and others, 1968. 


1 Composite. 
2 Not given. 


TABLE 22.—Estimated identified and undiscovered cadmium 
resources of the United States and the world 
[Values given are in thousands of metric tons of contained cadmium] 


Undis- 
covered Total 
resources resources 


Identified 
resources 


United States 


Recoverables esses. seine 295 400 695 
Subeconom i cesses Gah Se 1,500 
hotale Ase. Sh wie a ie 2,195 
Rest of the world 
Reeoverablewm =a sees 950 1,425 2,375 
Subeconomic ____________ aaQ 13 14,000 
Hotalipts. -Ouieads b Boat who 16,375 
Total world 
Recoverabley = ase 1,245 1,825 3,070 
Subeconomie ____________ AS, Les 15,500 
Rotaly vase. ples Ses 18,570 


applying Zn:Cd ratios of various geologic materials 
(such as those in table 20) to the basic data from 
which zine resources were estimated. (See “Zinc,” 
this volume.) The proximity of the estimate of re- 
coverable cadmium resources in the United States 
(695,000 mt, in table 22) to the reserve potential 
(860,000 mt) suggests that the United States may be 


nearing its potential for cadmium associated with 
zine ores as currently mined. On the other hand, the 
potential subeconomic resources, both identified and 
undiscovered, imply that there is no significant possi- 
ble long-range shortage of cadmium from U.S. 
sources. The data in table 22 also indicate that world 
resources of cadmium, estimated at more than 18 
million mt, are probably more than adequate for fu- 
ture needs as currently projected. One likely source 
for the future may well be marine phosphorites from 
which both zine and cadmium could be extracted dur- 
ing the preparation of superphosphate fertilizers, al- 
though small amounts of these elements are un- 
doubtedly needed in the final fertilizer product as 
trace nutrients. 

Table 23 shows the distribution of recoverable 
identified cadmium resources of the United States by 
major geologic regions and compares these estimates 
with those for zine in the same regions. Also given 
are the approximate Zn:Cd ratios for the respective 
zine and cadmium recoverable identified resources of 
these regions. The Zn:Cd ratio of 150 for the total of 
these U.S. resources indicates that the greater part 
of this country’s zine ores are in mineral deposits 
that contain relatively more cadmium than the esti- 
mated world average (Zn:Cd ratio 230, table 20). 
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TABLE 23.—Recoverable identified resources of cadmium in 
the United States, grouped by major geologic regions and 
compared with similarly classified zinc resources of these 
regions 


[See also chapter on “Zinc’’] 


Zine Approxi- Cadmium 
content mate content 
of ores Zn:Cd of ores 

Region (x< 103 mt) ratio (<< 103 mt) 
Appalachians =) === 16,400 200 82 
Mississippi Valley _____ 19,200 120 160 
Rocky Mountain ______ 7,300 180 41 
Paciticm@oasty]——— == 2,100 170 12 

Wotaltgee==— =a = 45,000 7150 295 
1 Average. 


Because of the geochemical similarity of zinc and 
cadmium, most deposits containing zine also contain 
cadmium but in lesser to barely trace amounts. As 
indicated previously, cadmium is produced solely as 
a byproduct of zine extraction and purification. For 
detail on the types of zinc deposits, their classifica- 
tion, and the prospecting techniques used in the 
search for them the reader is referred to the discus- 
sion of zine resources in ‘Zinc,’ this volume. For 
additional information on the utilization and ex- 
ploitation of cadmium, the reader is referred to 
Heindl (1970). 
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ABSTRACT OF CONCLUSIONS 


Although world reserves are large and resources of chro- 
mite ore are ample for the foreseeable future, domestic re- 
sources (excluding the national stockpile) are low grade and 
represent only about a 4- to 5-year supply. The outlook for 
substantially increasing domestic resources, even at several 
times present world prices, is not favorable. The thicker, 


minable parts of the Stillwater Complex in Montana, the 
principal domestic source, are complexly faulted and sheared 
off at depth. Although many podiform deposits must occur 
in serpentine along the Appalachian Mountains and Pacific 
Coast, most would be too small to mine at depths of 100 feet 
or more, even if means were available to locate them. A few 
relatively large podiform deposits probably are concealed 
at minable depths and might meet national needs for a few 
months at most. 

The principal North American resources other than those 
in the Stillwater Complex are in a similar complex in Mani- 
toba and very large low-grade deposits in Greenland. Metal- 
lurgical research to improve recovery of chromium from the 
low-grade “ores” and acquisition of more information on 
the Greenland deposits are needed. The only minable chro- 
mite reserves in the Western Hemisphere are a few million 
tons in Brazil and perhaps some in Cuba. 


INTRODUCTION 


Chromium is one of the most important and indis- 
pensable industrial metals. It is best known as a 
silvery white, hard, and bright metal plating on steel 
or other material used for decoration or protection 
from corrosion. Such coatings, however, rarely ex- 
ceed 0.00002 inch in thickness and use only relatively 
minor amounts of the metal. Over the 5 years 1966— 
70, the United States consumed an average of 430,000 
tons of chromium annually; about 67 percent was 
used in ferroalloys, about 18 percent in high-tem- 
perature furnace linings, and 15 percent in chemicals, 
including plating. In relatively small amounts, 
chromium hardens and toughens steel and increases 
its resistance to corrosion, especially at high tem- 
peratures. Most stainless steel contains about 18 per- 
cent chromium, and some cutting tools and wear- 
resisting alloys contain as much as 33 percent. The 
mineral chromite has some unique refractory uses. 
Although there are substitutes for chromium in 
many uses, such as titanium or aluminum for stain- 
less steel and magnesite for chromite in refractories, 
no adequate substitutes have been, or are likely to be, 
found for chromium in some applications. 
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During the last 5 years, the United States has con- 
sumed about 7 million long tons of chromium ore, 
equal to about 28 percent of total world production, 
but it has mined none at all since 1962 (fig. 18). Our 
presumed resources are nearly all low grade; al- 
though theoretically they might last about 5 years 
at our present rate of consumption, they would be 
difficult to mine and expensive to use. Since 1962, our 
entire supply of chromite has been imported from the 
Eastern Hemisphere, and for the last 5 years about 
45 percent of the chromium we have used in metal- 
lurgy has been imported from the Soviet Union. 


EXPLOITATION 


The alltime production of chromite in the United 
States is about 1,850,000 long tons; of this total 
about 950,000 tons, all high-iron ore and concen- 
trates, came from Montana. The remaining 900,000 
tons came almost entirely from podiform deposits in 
California, Oregon, Pennsylvania, Maryland, and 
Alaska. Since 1900, only in wartime has the United 
States produced more than 3,500 tons of chromite a 
year. During World War 1, the maximum domestic 
production of 82,480 long tons equaled less than half 
of consumption, and the gap between domestic pro- 
duction and consumption has widened ever since 
(fig. 13). Before 1940 all production was from podi- 
form deposits, but since then, production of concen- 
trates from the Stillwater Complex has predomi- 
nated. Of 1,085,185 long tons produced during the 
Korean war for Government purchase programs, 
about 800,000 tons of Stillwater concentrates was 
stockpiled because of its low grade (38.5 percent 
Cr.0;). Moreover, despite a base price of $115 a ton 
for standard lumpy metallurgical ore during the 
Korean war, the podiform deposits as a group yield- 
ed only about 24,700 tons a year. From the period 
1942-44 to the period 1952-57, an increase in price 
from $87 to $115 in 1954 constant dollars—a price 
increase of 32 percent—stimulated a rise in produc- 
tion of usable ore from podiform deposits by only 10 
percent (Materials Advisory Board, 1959, p. 44). 

Because the podiform deposits are small and most 
are in relatively inaccessible areas, no serious en- 
vironmental problems are anticipated. Large-scale 
mining and milling operations at the Stillwater Com- 
plex, however, would entail large dumps and tailings 
ponds along the sides of a scenic part of the Still- 
water River valley. 


GEOLOGIC ENVIRONMENT 


Chromium is a rock-forming element that is close- 
ly associated with magnesium and nickel in the ultra- 


UNITED STATES MINERAL RESOURCES 


mafic rocks peridotite, pyroxenite, and serpentine. 
From a normal range of 1,100-8,400 ppm (parts per 
million) and an average of about 1,800 ppm in ultra- 
mafic rocks, the content of chromium drops to about 
200 ppm in gabbro and basalt, and 5 ppm in granite. 
Chromium is concentrated with the clay fraction of 
sedimentary rocks, normally in amounts of less than 
100 ppm; but in phosphorites from Idaho, Wyoming, 
and Utah, it averages about 1,000 ppm (Michael 
Fleischer, written commun., 1972). 


MINERALOGY OF CHROMITE AND CHROMITE ORES 


The mineral chromite is the only commercial 
source of chromium and varies compositionally with- 
in wide limits permitted by the formula (Mg,Fe?+) 
(Cr,Al,Fe?+).0,. The Cr.0; content of the pure min- 
eral chromite ranges from about 15 to 64 percent, 
but directly usable ores, which are mixtures of 
chromite and silicate minerals, range from about 33 
to 55 percent Cr.0O;. Compositionally, three general 
kinds of chromite ore are recognized: (1) high- 
chromium, which contains 46 percent or more Cr,0; 
and has a Cr:Fe ratio of 2:1 or more; (2) high-iron, 
which contains 40—46 percent Cr.O; and has a Cr:Fe 
ratio of less than 2:1; and (8) high-aluminum, which 
contains more than 20 percent Al.O;, and more than 
60 percent Al.O, and Cr.0; combined. Although all 
three kinds are interchanged or blended for some 
uses, the high-chromium ores are used for metal- 
lurgy, and the high-aluminum ores mostly for re- 
fractories. Only high-iron ores are used for making 
chemicals, and they are also of major importance for 
making alloys and refractories. 

All chromite ores consist of mixtures of chromite 
and associated minerals that are waste or gangue. 
Massive lumpy ore that contains little gangue is pre- 
ferred by industry for metallurgical and refractory 
uses. Natural deposits, however, range from massive 
or high grade to disseminated or low grade, and ore 
commonly grades from one to the other. The low- 
grade ores may be concentrated by simple washing 
if they are friable or by grinding and separating the 
chromite from gangue by various physical methods. 
In general, milling of primary ores containing less 
than 10 percent Cr.0O; (20 percent chromite) has not 
been successful. 


PRIMARY CHROMITE DEPOSITS 


Primary chromite deposits occur only in certain 
kinds of ultramafic or closely related anorthositic 
rocks (Thayer, 1971) and are of two major geologic 
types: stratiform (layered) and pod-shaped (Jack- 
son, 1961; Thayer, 1960, 1964). 
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FicurE 13.—World production and U.S. consumption and production of chromite ore and relation of price to domestic produc- 
tion from 1900 to 1970. Data from U.S. Geological Survey and from U.S. Bureau of Mines (1942-70). 


STRATIFORM DEPOSITS veld or Stillwater type; they are characterized by 
The stratiform deposits form layers in the lower | great lateral extent and uniformity and by consistent 
parts of stratified igneous comylexes of the Bush- | positions within the host complexes. They contain 
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more than 98 percent of the chromite resources of 
the world. The Steelpoort Main Seam in the Bush- 
veld Complex in South Africa, for example, contains 
“reserves of merchantable ore conservatively esti- 
mated at half a billion tons’ (Cameron and Des- 
borough, 1969, p. 24). The chromite in stratiform 
deposits is predominantly of the high-iron type, but 
the high-chromium ores of the Great Dyke in 
Rhodesia are an outstanding exception. The regu- 
larity of the layering facilitates mining, even of thin 
seams, and is a reliable guide in prospecting. All the 
chromite-bearing layered complexes are geologically 
old, and in many the chromite layers have been dis- 
membered by folding and faulting. Though mining 
may be difficult and expensive in highly deformed 
rocks, the layered structure usually can be used to 
guide exploration for sizable blocks of ore that have 
been separated. 

The chromite deposits in the Stillwater Complex 
in Montana, which contains about 80 percent of the 
chromium resources of the United States, are of the 
layered high-iron type. They occur in an east-west 
belt about 30 miles long by half a mile wide. Thirteen 
chromite-rich zones are known; they range in thick- 
ness from 1 inch to more than 12 feet; several can 
be traced laterally more than 15 miles; and one can 
be traced more than 25 miles. The layers dip from 
about 50° to vertical and “extend downward to great 
depths except where terminated by major faults” 
(Jackson, 1963, p. 58). Two of the uprer zones were 
mined in the eastern part of the complex under U.S. 
Government purchase contracts during World War 
II and the Korean war. In the Benbow mine nearly 
65,000 long tons of concentrates averaging 41.5 per- 
cent Cr.O; was recovered from a highly faulted verti- 
cal layer 4—5 feet thick (Materials Advisory Board, 
1959, p. 42). In the Mountain View area about 
830,000 long tons of concentrates averaging 38.5— 
38.8 percent Cr.0; was recovered from two layered 
zones which range in width from 2 to 16 feet and 
from 8 to 8 feet, respectively (Price, 1963, p. 1). 

Analogous to the Montana deposits are major de- 
posits of the high-iron class in the layered Bird River 
complex in southeastern Manitoba, Canada. The com- 
plex has been folded to vertical and broken by numer- 
ous faults, and the probable total length of the 
chromite-bearing zone is 6-10 miles (Davies, 1958). 

Extensive layered chromite deposits in anorthosite 
near Fiskenaesset in southwestern Greenland may 
represent the largest potential resources of chrom- 
ite in North America. The chromite occurs in layered 
zones that average 1.5-10 feet in thickness, reach a 
maximum of 65 feet, and consist of interlayered 
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anorthosite and chromitite layers, usually 14-21% 
inches thick. The chromite layers have a minimum 
exposed length of 75 miles. The chromite mineral 
averages about 33 percent Cr.0O;, 0.9:1 in Cr:Fe 
ratio, and contains 0.2—0.5 percent V.O;, averaging 
about 0.38 percent. The average grade of rock in 
minable widths probably ranges from 15 to 25 per- 
cent Cr.0;. Although the rocks have been intricately 
fclded, layers are favorably situated for mining over 
considerable areas. For example, it is estimated that 
one layer 3-22 feet thick along a strike length of 
4,600 feet contains a million tons of recoverable 
chromite or 350,000 tons of Cr.O; and 3,000 tons of 
V.0O;. The chromite is exposed in completely bare 
outcrops near the coast; nearby fjords are deep, and 
Fiskenaesset harbor is accessible the year round 
(Ghisler and Windley, 1967). 

The tremendous resources of chromite in South 
Africa and Rhodesia are in two great layered com- 
plexes, the Bushveld and the Great Dyke, respective- 
ly. The Bushveld Complex is a rudely basin-shaped 
layered mass 26,000 square miles in extent. As many 
as 29 chromite layers or groups of layers occur in 
various segments of the chromite-bearing zone, 
which is exposed over a distance of more than 70 
miles along the eastern margin alone (Cameron and 
Desborough, 1969). Although some of the layers are 
less than 1 inch thick, several layers are of minable 
thickness and quality. The relation of ore reserves to 
geometry of deposits is illustrated by the Steelpoort 
Main Seam, mentioned earlier. If the inclined seam 
averages 40 inches in true thickness over a known 
distance of 40 miles and if the ore has a specific 
gravity of 4.2, each foot of ore below the outcrop 
represents 100,000 tons. In view of the 40-mile 
length, projecting only a mile downdip from the out- 
crop seems minimal but yields “half a billion tons” 
(Cameron and Desborough, 1969, p. 24). The total of 
6.1 billion tons given for resources of the entire 
Bushveld Complex (Republic of South Africa) in 
table 24 is believed to be conservative. 

The Great Dyke in Rhodesia is a layered complex 
332 miles long by 3-6 miles wide. In cross section the 
Dyke is synclinal with dips of 20°—40° near the mar- 
gins. Chromite layers occur over the entire length of 
the Dyke, and individual layers have been traced con- 
tinuously the entire width, though they vary in num- 
ber from 6 to 12 in different segments (Worst, 1960). 
The layers range in thickness from 2 to 18 inches, 
and nearly all the chromite is the high-chromium 
variety. Only layers 6 inches or more thick are mined 
below the outcrop; some of the thicker layers are 
mined more than 1,000 feet down the slope. 
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PODIFORM DEPOSITS 


The podiform chromite deposits are lenticular or 
rudely tabular pods, but some defy description as to 
form. They range in size from a few pounds to sev- 
eral million tons. Most pod deposits yield less than 
1,000 tons of ore each, but most of the production 
comes from ore bodies that contain 100,000 tons or 
more. Less than a dozen deposits that originally con- 
tained 1,000,000 tons or more are known. Most pod 
deposits are of the high-chromium type, but these 
deposits also are the only source of high-aluminum 
chromite. Podiform deposits occur in irregular peri- 
dotite masses or peridotite-gabbro complexes of the 
alpine type, which are restricted to mountain belts 
such as the Appalachians and Urals and to belts that 
surround most of the Pacific Ocean. Within many 
large complexes, the chromite deposits are localized, 
generally near contacts between peridotite and gab- 
bro; but where there is no gabbro, deposits appear to 
be scattered at random. 

Podiform chromite deposits are scattered along the 
Pacific Coast of the United States from the Kenai 
Peninsula in southern Alaska to southern California 
and along the Appalachian Mountains from northern 
Vermont to Georgia. The principal concentrations of 
deposits or districts are in the Klamath Mountains in 
southwestern Oregon and northern California, in the 
western slopes of the Sierra Nevada, in the Coast 
Ranges of California, in eastern Oregon, and in the 
Maryland-Pennsylvania (State Line) district (Thay- 
er and Miller, 1962; Thayer, 1966; Thayer and Ramp, 
1969). The largest single high-grade ore body proba- 
bly was at the Woods mine in Pennsylvania, which 
yielded between 100,000 and 200,000 tons of lump 
ore before 1900 (Pearre and Heyl, 1960). Statistical 
analysis of recorded production from 456 mines in 
the United States between 1916 and 1953 has shown 
that of 517,000 long tons of ore shipped the largest 
20 mines provided about 72 percent, 42 mines yielded 
15.7 percent, and 394 mines yielded only 12.3 percent 
of the ore. These figures are believed to typify podi- 
form deposits, and accordingly, they show that most 
deposits of this type are economically insignificant. 

The high-chromium chromite ores of the Eastern 
Hemisphere, except for the Great Dyke, are mostly 
in podiform deposits that are concentrated in three 
major tectonic belts: (1) the Ural Mountains, (2) 
the so-called Tethyan mountain chains between the 
Alps and Himalayas, and (3) around the western 
margin of the Pacific Ocean. The largest single well- 
described deposit is the Coto ore body in the Philip- 
pine Islands (Stoll, 1958), which originally contained 
about 15 million tons of high-aluminum chromite ore. 
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The Tiébaghi mine in New Caledonia and the Gélolan 
ore body in Turkey each yielded more than a million 
tons of high-chromium chromite. The southern Ural 
Mountains appear to include the greatest known con- 
centration of large podiform deposits in the world, 
but no modern figures on size of deposits are 
available. 


DISRUPTED STRATIFORM DEPOSITS 


Tectonic disruption and dismemberment of strati- 
form deposits have led to misidentification of those 
in some districts as podiform. Recognition of parts 
of a once-continuous stratiform sheet can provide an 
economic incentive for systematic exploration to find 
missing segments, whereas a similar program in a 
podiform chromite district could be financially ruin- 
ous. No large podiform deposits are known in Pre- 
cambrian rocks, and no true stratiform deposits are 
known in rocks younger than about middle 
Precambrian. 

Recent cooperative investigations by the U.S. Geo- 
logical Survey and the Companhia de Pesquisa de 
Recursos Minerais and Departamento Nacional da 
Producao Mineral, under the auspices of the U.S. 
Administration for International Development, have 
revealed that the chromite deposits near Campo For- 
moso, Bahia, formerly believed to be isolated blocks 
actually are segments of a highly faulted layered 
complex 10 to 11 miles long. Massive layers that 
range from about 1 to 6 feet in thickness are of high- 
chromium (metallurgical) grade. Large amounts of 
high-iron chromite have been recovered by washing 
of disseminated ore that has been weathered ir- 
regularly to maximum depths of about 150 feet. Be- 
cause a thick layer of debris from quartzite cliffs 
above the ore zone covers much of the area, the 
mines originally were located where this cover was 
thin. Determination by drilling that the deposits are 
semicontinuous under the debris has led to plans for 
production of 100,000—200,000 tons of ore a year 
(Mining Jour., 1972). Recent prospecting indicates 
that similar, although probably much smaller de- 
posits, occur in the surrounding region. Podiform 
deposits, mostly of high-aluminum chromite, occur 
in small peridotite masses and in the Tocantins com- 
plex (Berbert, 1973; White and others, 1971) in cen- 
tral Goias along a north-south belt about 1,000 miles 
long. The lode deposits are small, and concentrations 
of residual chromite in soil have been the principal 
sources of production. Because exploration for 
chromite in Brazil is at an early stage, the estimates 
in table 24 are regarded as very tentative. The Bahia 
deposits are believed to have the largest minable 
reserves, by far, in the Western Hemisphere. 
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GENESIS OF PRIMARY CHROMITE DEPOSITS 


All chromite of economic interest is believed to 
have been formed by crystallization from fluid mag- 
ma essentially simultaneously with the associated 
silicates. Chromite and other minerals that crystal- 
lize early are denser than the magma, and the crys- 
tals, therefore, settle as they form and collect in 
layers on the floor of the magma chamber. In most 
stratiform complexes the layering and many delicate 
primary igneous and sedimentary features (Jackson, 
1961) are preserved intact despite metamorphism 
and deformation. Many podiform deposits also pre- 
serve settled textures, some identical with those in 
the stratiform deposits, but also some that are 
unique (Thayer, 1964, 1969). The similarities of the 
podiform and stratiform deposits indicate a common 
origin by crystal settling, but differences between 
them are attributed to crystallization of podiform 
deposits in the upper mantle, and of stratiform de- 
rosits in the crust where they are now. Intrusion of 
peridotite and chromite from the upper mantle into 
the upper crust by solid flowage at high temperature, 
probably over distances of many miles, is believed to 
have fragmented the original layering and imposed 
metamorphic features on the podiform deposits and 
their host rocks (Thayer, 1969). Some features of 
chromite deposits that were interpreted 30-40 years 
ago as evidence of hydrothermal origin are now at- 
tributed to alteration of primary magmatic minerals. 


SECONDARY DEPOSITS AND ASSOCIATED METALS 


Erosion of chromite-bearing rocks may form sec- 
ondary deposits of two kinds, black sands and la- 
teritic soils. Because chromite is heavy and resists 
weathering, it may accumulate as grains in black 
sands or soil to form placers. Under favorable tropi- 
cal or subtropical conditions, solution of magnesium 
silicates from ultramafic rocks by ground water 
forms lateritic soils which contain as much as 50 per- 
cent iron, 2-4 percent Cr.0;, 2—2.5 percent nickel, 
about a tenth as much cobalt as nickel, and some 
aluminum (Gross, 1970a, p. 27). Such ferruginous 
laterites are now being worked for nickel and cobalt 
in several countries and for iron ore in a few places, 
but economic recovery of the chromium has not been 
achieved. Chromite has been recovered from black 
sands in the United States and Japan on a relatively 
small scale, and from alluvial soil in Rhodesia by 
flotation on a large scale. 

No other minerals are mined with primary chrom- 
ite, although platinum occurs with layered chromite 
deposits in some complexes in the Ural Mountains. 
Some gold and platinum have been mined from 
chromite-bearing beach sands along the Oregon 
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coast (Griggs, 1945), but no other minerals have 
been recovered during operations for chromite 
(Thayer and Ramp, 1969). 

The second largest known chromium resource in 
the United States is in black-sand deposits in raised 
beaches along the southwestern coast of Oregon 
(Griggs, 1945). The black sand forms lenses and lay- 
ers that range in thickness from a few inches to 42 
feet and in width from a few tens of feet to more 
than 1,000 feet, and are as much asa mile long. Depth 
of overburden is as much as 75 feet of sand, clay, and 
gravel. The chromite is associated with ilmenite, 
rutile, magnetite, and heavy silicates, all of which 
are hard to separate because of similar physical 
properties. Zircon in the deposits is of definite eco- 
nomic interest. The explored deposits that contain 5 
percent or more Cr.0;, approximate 2 million long 
tons. The concentrates would average about 40 per- 
cent Cr.0;, with a Cr:Fe ratio of 1.6:1. 


RESOURCES 
IDENTIFIED RESOURCES 


A comparison of world production (fig. 18) and 
world resources of various categories (table 24) 
shows that chromite resources are ample for the 
foreseeable future. The only minable reserves in the 
Western Hemisphere, however, are in Brazil and 
Cuba. The figures for high-chromium chromite in the 
United States are postulated entirely on intensive 
exploration for extensions of known podiform ore 
bodies or new ore bodies in known districts under 
the stimulus of very high prices. Since 1918, mining 
of podiform deposits has been on a precarious basis; 
rarely have significant reserves been blocked out 
ahead of mining. The figures for high-iron presumed 
resources are based on an estimate of tonnages down 
to the level of the Stillwater River valley in the Still- 
water Complex (Jackson, 1968) and in the Oregon 
black sands (Griggs, 1945). The Canadian and Green- 
land deposits are lower in Cr.0; content and higher 
in iron than most Stillwater chromite. Western Hem- 
isphere reserves (excluding the U.S. national stock- 
pile) and presumed resources exclusive of Greenland 
total about 25 million tons, possibly a 12- to 15-year 
supply for the countries in the region. 

Most of the Eastern Hemisphere resources is in 
the Bushveld and Great Dyke complexes in southern 
Africa, where labor is cheap and thin seams can be 
mined. The reserves of 1.05 billion tons for the Bush- 
veld Complex are regarded as assured, although they 
have not actually been blocked out (Cameron and 
Desborough, 1969). The estimate of Rhodesian re- 
serves is based mainly on layers of minable thickness 
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TABLE 24.—Estimated world reserves and resources of chromite ore by type and country 


[Thousands of long tons of shipping ores and concentrates. A, high-chromium ore, Cr20s more than 46 percent, Cr:Fe more than 2:1. B, high-iron 
ore, Cr2O3 40-46 percent, Cr:Fe 1.5:1 to 2:1. B—, high-iron ore, Cr2Os less than 40 percent. Cr:Fe 1.5:1 or less. C, high-aluminum ore, AleOs more 
than 20 percent, Al2Os + Cr2Os more than 60 percent; (C), amount not estimated. (S), layered or stratiform. (P), podshaped. (Pl), placer, sub- 
ordinate. References cited are for subeconomic resources in the United States and for reserves in the rest of the world; all other estimates are 
extrapolated by the author from reserve figures and the geology of the deposits and are intended only to indicate possible order of magnitude of 
potential chromite resources] 


Identified resources t Hypothetical ¢ and 
Type of ore speculative > resources 
and deposit Conditional Reference and comments 
Reserves 2 resources 3 


WESTERN HEMISPHERE 
United States 


A;(P) None® 350 500 Modified from Thayer 
and Jackson (1957). 
B,B—;(S, Pl) None’ 5,000 2,000 
C;(P) None ° 100 100 
Brazil 
A;(S) 2,500 3,000 * D. C. Hedlund, written 
B;(S) 3,500 2,000 5,000 | commun., 1972. 
C;(P) 100 150 Estimate by author. 
Canada 
A;(P) 100 Davies (1958). 
B,B—;(S) 2,500 5,000 
DINO wee Spot Aa. tues fl. ae eee Vink ii oes eee eee 
Cuba 
es teh pak Death sec rae dani, ol aR O_o ONDE Ne SERS 5 
A;(P 100? 
Cc; (B) 2502 1,000? 1,000 } Estimate by author 
Greenland 
B—;(S) 10,000 10,000+ Ghisler and Windley 
(1967). 
ee eee SS ee eee ee 
Other 
tg ED EO Dd a ee 
200 200 Estimate by author. 
Hemisphere total -_____- A B00 3,650 5,500 
B 3 
jc an Mee RC 8 19,500 } 17,0001, 
Cc 350 1,200 1,100 
(other) 200 200 
Wotal et 2s2aecere eee ay sohasesseceses 6,350 24,550 23,800+ 


EASTERN HEMISPHERE 
Republic of South Africa 
ce AT PP nT oc 2 7 = Ne Se en 
A;(S) 50,000 50,000 Estimate by author. 
3,000,000+ 
B;(S) 1,000,000 2,000,000 Cameron and Des- 
borough (1969). 


Sana TIONS ne 


Rhodesia 
ae NER aS eee a Ta 2d eee ey eee ee 
A;(S, Pl) 500,0000 500,000 Stanley (1961). 
500,000+ 
B;(S) 50,000 50,000 Worst (1960). 
Pace meena UIE AUR em Le AAD Oe ON OT rey Sea tai wile la eal. De etiweth, atiN one ee 
U.S.S.R. 
ete ree Ler nies Use! MEL SW Te ASE TEAL MH G(ty 2) WR CYS OT Wyner as DN eh dt Nb 
A;(P) 10,000? 10,000 
B—;(S) 1,000? 2,000 25,000 Author’s estimate. 
3(P) 10,000? 10,000 


See footnotes at end of table. 
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TABLE 24.—Estimated world reserves and resources of chromite ore by type and country—Continued 


Identified resources 1 


Type of ore Hypothetical ¢ and 
and deposit Conditional speculative > resources Reference and comments 
Reserves 2 resources 3 
Turkey 
A,(C) ;(P) 5,000 5,000 5,000 U.S. Bur. Mines 
(1968, v. 66, no. 4, 
p. 6.) 
Finland 
B;(S) 10,000 5,000 10,000 Sages (1971, p. 
India 
A;(S,P(?)@ 5,000 4,000 Ratio of A:B esti- 
20,000 mated by author. 
B;(S) 2,000 2,000 Balasundaram (1972, 
p. 47). 
Philippine Republic 
A;(P) 700 500 1,000 Philippine Mining 
Yearbook (1971a, 
p. 26). 
C;(P) 4,000 2,000 5,000 Philippine Mining 
Yearbook (1971b, 
p. 54). 
Malagasy Republic 
A;(S?) 4,000 3,000 U.S. Bur. Mines (1966, 
7,500 v. 62, no. 6, p. 9). 
B;(S?) 1,000 2,000 
Tran 
A;(P) 1,500 1,000 5,000 U.S. Bur. Mines (1968, 
v. 65, no. 2, p. 4-6). 
Greece 
A;(P) 50 
100 250 Estimate by author. 
C;(P) 50 
Other 
A,(C) ;(P) ‘ 
2,000 2,000 2,500 Estimate by author. 
B;(S) 
Hemisphere totals ______ A 577,250 574,550 
B 1,064,000 2,060,000 
3,581,250 
B= 1,000 2,000 
Cc 14,050 12,050 
PROtal ete MERE Ns eon 1,656,300 2,648,600 3,581,250 
Won! Toil Gomes) 2 2p eee 1,663,000 2,675,000 3,600,000 + 


1 Identified resources: Specific, identified mineral deposits that may or may not be evaluated as to extent and grade, and whose contained minerals 
May or may not be profitably recoverable with existing technology and economic conditions. 

2 Reserves: Identified deposits from which minerals can be extracted profitably with existing technology and under present economic conditions. 

3 Conditional resources: Specific, identified mineral deposits whose contained minerals are not profitably recoverable with existing technology and 
economic conditions. 
P Femommetical resources: Undiscovered mineral deposits, whether of recoverable or subeconomic grade, that are geological'y predictable as existing 
in known districts. 

° Speculative resources: Undiscovered minerz] deposits, whether of recoverable or subeconomic grads, that may exist in unknown districts or in 
unconventional] form. 

®° Excludes chromite ores or equivalent in national stockpile: Metallurgical ore and ore equivalent. 4,760,000 long tons. Refractory (high-aluminum) 
ore, 1,050,000 long tons. Inventory of stockpile materials as of Mar. 31, 1972, U.S. General Services Administration. 

7 Excludes chemical chromite in national stockpile, plus concentrates stockpiled at Nye, Mont., 1,320,000 long tons total. 
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in the Great Dyke which have been projected to 500 
feet below the surface but which are known to go 
much deeper (Stanley, 1961). Eastern Hemisphere 
reserves outside southern Africa are estimated at 
55-60 million tons, and conditional resources at 
about 50 million tons. Even excluding southern 
Africa, reserves and presumed resources of the East- 
ern Hemisphere appear to be about triple those of 
the Western Hemisphere. However, because most of 
these resources are in podiform or highly deformed 
stratiform deposits, the uncertainties of supply and 
costs of production can be expected to mount rapidly 
as identified resources are depleted. 


HYPOTHETICAL AND SPECULATIVE RESOURCES 


The probability of finding major new chromite dis- 
tricts is believed to be shrinking rapidly, except pos- 
sibly in central Asia, where little information is 
available. In the last 20 years, major high-chromium 
podiform deposits have been developed in two regions 
in Iran. The stratiform deposit at Kemi, Finland, 
with reserves of approximately 33 million tons of 
crude milling-grade high-iron ore, was discovered in 
1959 (Kahma and others, 1962); it represents a 
major new district that was discovered under glacial 
drift. The low-grade but potentially very important 
chromite deposits at Fiskenaesset in southwestern 
Greenland were discovered in 1964 during regional 
geologic mapping (Ghisler and Windley, 1967). The 
figures for hypothetical and speculative resources are 
predicated more on discoveries in known districts 
than on new districts. The figures for India and Mala- 
gasy assume that large segments of disrupted strati- 
form deposits will be found in laterite-covered areas 
or at depth. 

The universal presence of chromite as an acces- 
sory mineral in peridotite suggests a possibility of 
recovering it by large-scale mining of very low-grade 
rocks, as copper and molybdenum are mined from 
porphyry-type deposits. The analogy is not apt, how- 
ever, for several reasons. In rock containing less than 
about 10 percent Cr.0O; or 20 percent chromite, be- 
cause the chromite is fine grained and relatively soft, 
it slimes badly during the grinding necessary to free 
it from the silicates. Furthermore, flotation processes 
that work so well with sulfide ores present difficulties 
for chromite, an oxide (Batty and others, 1947; Sulli- 
van and Stickney, 1960). Concentrates from low- 
grade disseminated ores normally are considerably 
lower in chromium and richer in iron than high- 
grade massive ores (Jackson, 1968, p. 1510). 

Extensive deposits of iron-rich laterite blanket 
many peridotites in tropical and subtropical regions 
of the world. The laterite contains approximately 
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40-50 percent iron, 0.5-3 percent chromium, 0.2—2.5 
percent combined nickel and cobalt, some aluminum, 
and 10-15 percent combined water (Gross, 1970a, 
p. 27). Only relatively small amounts of laterite are 
used as iron ore, although nickel is recovered from 
laterite on a large scale by hydrometallurgical proc- 
esses in New Caledonia and Cuba. Recovery of all the 
metals presents difficult unsolved metallurgical prob- 
lems. The laterites of Cuba alone have been estimated 
at 8 billion tons; at an average of 2 percent Cr.O; 
(1.4 percent Cr), they would contain 42,000,000 tons 
of chromium metal (Gross, 1970b, p. 250). Estimates 
of the potential chromium resources in laterite are 
not included in table 24 because of the low tenor of 
chromium, scarcity of essential data on tonnages, 
and the lack of technology for recovery. 


EXPLORATION FOR CHROMITE DEPOSITS 


Restriction of chromite deposits to the lower parts 
of very distinctive layered complexes and to perido- 
tite of the alpine type (Thayer, 1971) sharply limits 
areas for prospecting. By virtue of its resistance to 
weathering, massive chromite crops out or forms 
bouldery float and black sand that can be traced 
readily. In stratiform complexes the layered struc- 
ture can be used as a guide to concealed deposits and 
faulted blocks or segments of ore. 

Prospecting for concealed podiform deposits gen- 
erally has been disappointing. In large peridotite- 
gabbro complexes, chromite deposits are concen- 
trated within the peridotite near the gabbro, and 
thus the peridotite-gabbro contact can be used as a 
guide to the most promising ground (Flint and 
others, 1948; Rossman and others, 1959). Under al- 
most ideal conditions of low relief in central Cuba, 
gravimeter surveys located some concealed deposits 
(Hammer and others, 1945), but in most areas high 
relief precludes use of this method. Magnetic sur- 
veys can outline areas of serpentine very accurately, 
but because most chromite is less magnetic than the 
host rocks, such surveys do not indicate concealed 
deposits. The high-iron stratiform deposits at Kemi, 
Finland, however, were traced under glacial till by a 
combination of magnetic and gravimetric surveys 
(Kahma and others, 1962). Seismic methods are not 
effective because most ore bodies are too small to 
detect and the host rock commonly is highly frac- 
tured and sheared. Known geochemical methods are 
not applicable because of presence of accessory 
chromite in all peridotite. With the exceptions noted, 
no substitute for detailed geological mapping and 
traditional means of underground exploration has 
been devised for finding concealed podiform chromite 
deposits. 
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PROBLEMS FOR RESEARCH 


The fundamental problem of chromium supply for 
the United States is lack of domestic high-grade de- 
posits and scarcity even of low-grade resources. 
Endeavors to expand the domestic resource base 
substantially would, it is believed, be very costly 
(Brantley, 1970, p. 260). Without access to South 
African, Rhodesian, and Russian sources, we would 
have to be prepared to depend largely on low-grade 
high-iron chromite ores from the Stillwater Com- 
plex, from Canada, and from Greenland. This would 
entail major shifts and inefficiencies in metallurgy 
and for most other uses. 

Exploration for concealed podiform chromite de- 
posits in the United States faces major problems and 
limitations. The first problem is the inability of 
known geophysical and geochemical methods to point 
to deposits concealed under very thin cover in areas 
of even moderate relief. The limitations are twofold: 
most podiform deposits are too small to be minable 
even at moderate depths, and in aggregate the few 
postulated relatively large deposits could only miti- 
gate the national supply problem temporarily and at 
very high cost. 

Research on means to recover more chromium 
from scrap and from low-grade ores appears more 
promising than geological research on domestic re- 
sources. Stainless-steel scrap, other than mill scrap, 
in 1968 provided the equivalent of 51,000 tons of 
chromium, or about 12 percent as much as was im- 
ported in ore (Brantley, 1970, p. 252). Recovery of 
chromium from scrap presumably will increase with 
development of processes to dispose of solid waste in 
general. 

Development of processes to smelt the higher 
grades of Stillwater crude ore directly to FeCr alloy 
with local energy would avoid losses of 15—20 percent 
of contained Cr.O; in milling (Thayer, 1962, p. 12) 
and could greatly reduce transportation costs to 
eastern consuming centers. Research aimed at adapt- 
ing a process for direct smelting of high-iron chrom- 
ite to stainless steel, announced in 1966 (Brantley, 
1970, p. 261), to treat crude Stillwater ores, would 
seem to be indicated. Though such a process cannot 
compete with recovery of chromium from African 
ores at present prices, increases in wages of African 
miners to equitable scales and increased production 
of FeCr in southern Africa for export could change 
the situation drastically. Investigations of the Green- 
land ores should consider the likelihood of separating 
chromite readily from anorthosite by sink-float 
methods, and recovery of the contained 0.3 percent 
of V0; (Ghisler and Windley, 1967). 
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ABSTRACT OF CONCLUSIONS 


Clays are naturally occurring rocks composed of fine par- 
ticles that are principally hydrous aluminum (or magnesium) 
silicates. They occur as deposits that are divided for com- 
mercial purposes into kaolin, ball clay, fire clay, bentonite, 
fuller’s earth, and miscellaneous clay. Resources of clay de- 
posits similar to those used currently are extremely large, 
except for those of high-grade ball clay and high-grade 
colloidal bentonite. The geologic profession could be of bet- 
ter service to the city, county, and State planners, the clay 
producers, and the consumers of a wide variety of clay 
products if geologists doing areal geologic mapping, par- 
ticularly near metropolitan areas, were more aware of the 


economic potential of clay occurrences in the area being 
mapped. Attaining such awareness may require the making 
available the necessary equipment and procedures to evaluate 
the economic potential of the clay occurrence. 


INTRODUCTION 


Clay was first used in the United States by the 
Indians for making pottery. It has been used ex- 
tensively as the building material for adobe, a sun- 
dried mixture of clayey loam, straw, and water since 
the time of the early Spanish settlers in the south- 
western part of the country. Clay was first used in 
this country in 1585 to make building brick at the 
Raleigh settlement on Roanoke fsland, N.C. Dr. 
Danial Coxe, an early governor of West New Jersey, 
was probably the first to make pottery in the Colo- 
nies, when he built a plant at Burlington, N.J., 
about 1685. White clay is reported to have been first 
mined by the Indians in western North Carolina; 
and was exported to England in the early part of 
the 17th century. 

Clays are naturally occurring rocks, both uncon- 
solidated and consolidated, composed of very fine 
particles of clay minerals that principally are lay- 
ered hydrous aluminum (or magnesium) silicates 
but may contain varying amounts of iron, potassium, 
sodium, and other ions. All deposits of clay contain 
other minerals, and these impurities are rare in 
some deposits but abundant in others. The most 
common other minerals are quartz, mica, feldspar, 
iron oxides, and carbonates. Titanium-bearing min- 
erals and gypsum are abundant in some deposits; 
organic matter, such as carbon or kerogen, is abun- 
dant in others. 

Most deposits of clay have as their major compo- 
nent, one of the following clay minerals: Kaolinite, 
halloysite, montmorillonite, palygorskite, and illite. 
Some clay deposits may contain one or more of these 
clay minerals as a minor constituent. The U.S. 
Bureau of Mines has classified clay deposits into 
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six categories both on the product rather than on the 
raw material. They are kaolin, ball clay, fire clay, 
bentonite, fuller’s earth, and miscellaneous clay. 
Major difficulties are met in statistical records be- 
cause different types of clay products are made from 
the same clay minerals. Kaolin, ball clay, and fire 
clay are composed chiefly of kaolinite, and all have 
the same properties, especially when fired. Bentonite 
consists primarily of montmorillonite. Fuller’s earth 
may be composed of montmorillonite or palygorskite 
or both. Miscellaneous clay is composed of illite as 
the dominant mineral, particularly in the shales, but 
some deposits contain kaolinite and montmorillonite 
as the major constituents. 

The structural formula of kaolinite is (OH), 
Si,Al,0,,, and its theoretical composition is 39.50 
percent Al,O;, 46.54 percent SiO., and 13.96 per- 
cent H.O. Other minerals of the kaolinite group 
are metahalloysite and its hydrated form halloysite. 
Metahalloysite has the same formula and composi- 
tion as kaolinite, but halloysite contains two more 
molecules of water. Halloysite is more common than 
metahalloysite, but inasmuch as dehydration takes 
place at room temperature, halloysite converts irre- 
versibly to metahalloysite which may be indistin- 
guishable from kaolinite. Kaolinte is a potential 
source of aluminum because it contains as much as 
39 percent alumina. Furthermore, some kaolin de- 
posits contain gibbsite (Al(OH),), and some fire- 
clay deposits contain diaspore (AlO(OH)) or boeh- 
mite (AlO(OH)), which increases the alumina con- 
tent of these deposits to between 40 and 70 percent. 
(See “Aluminum.’’) 

Kaolinite and halloysite are formed by hydro- 
thermal, katamorphic (weathering in place), and 
sedimentary processes, either alone or in combina- 
tion. Hydrothermal clay is formed by ascending hot 
solutions dissolving the country rock and precipitat- 
ing a mineral of the kaolinite group. These clays 
are sometimes associated with sulfide deposits. Re- 
sidual clay is formed in place by the action of 
chemical weathering, a katamorphic process that 
alters minerals such as feldspars and muscovites to 
kaolinite or nalloysite. In general, the residual clays 
are well crystallized and coarse grained. Deposits 
of unconsolidated sedimentary kaolinite are formed 
by the weathered debris being eroded, transported 
by streams, and deposited in fresh- or brackish- 
water lakes and lagoons. The kaolin deposits con- 
tain large flakes of well-crystallized kaolinite, and 
the ball-clay deposits contain very fine flakes of 
poorly crystallized kaolinite and impurities of illite 
and (or) montmorillonite. The size and crystallinity 
of the kaolinite depend upon the source material, 
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amount of breakup during transportation, and to 
some extent the amount of diagenesis or recrystal- 
lization after deposition. Deposits of consolidated 
sedimentary kaolinite are formed by the weathered 
debris being eroded, transported by streams, and 
deposited in swamps. After deposition, leaching by 
organic and carbonic acids removes iron, potassium, 
and other ions so that silica and alumina are con- 
centrated, and then postdepositional diagenesis 
causes recrystallization of the kaolinite. Kaolinite 
formed in this manner occurs in deposits of fire 
clay or underclay which contain four types of clay 
differing primarily in the degree of crystallinity and 
the amount of impurities. The four types are plastic, 
semiflint, flint clay, and nodular flint. Plastic clay 
is composed of poorly crystallized kaolinite and con- 
tains illite as the major impurity; flint clay is com- 
posed of well-crystallized kaolinite and contains no 
impurities. Nodular flint clay is composed of well- 
crystallized kaolinite and contains diaspore or boeh- 
mite, because advanced leaching has removed some 
silica and has concentrated alumina. 

Bentonite, by geologic definition, is a product of 
the devitrification and alteration of volcanic ash or 
tuff. The chemical alteration of the fine-grained ash 
that accumulated in a marine environment probably 
began while the ash was settling through the sea 
water. Most bentonites consist chiefly of montmoril- 
lonite (OH),Si;(Als;.ssMgo.65)O2.; however, some 
montmorillonite clays not formed from ash or tuff 
are still classified as bentonite under commercial 
usage of the term. 

Fuller’s earth produced in the Attapulgus, Ga.— 
Quincy, Fla. district is predominantly palygorskite 
(attapulgite), (OH.).Mg.Si,0.,:-4H.0; most of the 
fuller’s earth produced from deposits elsewhere in 
the United States is montmorillonitic clay, and sev- 
eral of these deposits are actually bentonitic clays. 
The origin of palygorskite is speculative, but the 
general agreement is that it formed in sea water 
that had a high content of magnesium and silica. 
Evidence from samples taken from the bottom of 
the Atlantic Ocean indicates that palygorskite can 
form as a chemical precipitate from the reaction of 
hydrothermal solutions with sea water. 

Illite is the dominant mineral in the miscellaneous 
clay, especially in the shales, and its approximate 
formula is (OH),K.(Si,: Al.) Al,O.,. Illite can be 
formed in many ways, but as the major constituent 
of shales, it is the result of weathered debris’ being 
eroded, transported by streams, deposited in a near- 
shore marine environment, and subjected to diagene- 
sis and lithification. 

Materials such as tale, silica, and calcium car- 


THOUSANDS OF SHORT TONS 
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bonate can be substituted for many kaolin end 
products; however, the comparatively low cost of 
clays gives them a decided advantage over most 
substitutes. Many construction products and raw 
materials can be substituted very effectively for 
brick, tile, and lightweight aggregate. A few of the 
major ones are concrete, stone, glass, metal, plas- 
tics, expanded slag, sintered fly ash, vinyl asbestos, 
and cork. 

In 1969, the United States produced 58,694,000 
short tons of clay, exported 1,574,000 short tons, 
and imported 82,000 short tons (Wells, 1971, p. 
287). The only clays imported in any large quantity 
were kaolin and ball clay, but all six types of clay 
were exported. Of the total clay production in 1969, 
miscellaneous clay accounted for 72 percent; fire 
clay, 12 percent; kaolin, 8 percent; bentonite, 5 per- 
cent; fuller’s earth, 2 percent; and ball clay, 1 per- 
cent (fig. 14). 

In the United States, clay resources consisting of 
material similar to that used currently are large, 
but the clay deposits included in such resources may 
not be ideally located for potential markets. Infor- 
mation on clay resources in the rest of the world is 
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FIGURE 14.—Production of miscellaneous clay, fire clay, kao- 
lin, bentonite, fuller’s earth, and ball clay in the United 
States, 1920-70. 
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not complete, but undoubtedly these resources are 
enormous. 


KAOLIN 


The term “china clay’ is somewhat synonymous 
with kaolin, particularly for the raw material used 
for ceramic products other than refractories. Kaolin 
is white and easily dispersible and can be fired at 
high temperatures without warping or changing 
color. It is used primarily for coating and filling 
paper, but other major uses are as fillers for prod- 
ucts other than paper and refractories. Minor uses 
include pottery, dinnerware, stoneware, and white 
cement. Both kaolinite and halloysite are used in 
the petroleum industry as petroleum-cracking cata- 
lysts. Most kaolin is white, or nearly so, but shades 
of red, yellow, and brown are common. Most of it 
is plastic when wet, but some is hard and has flinty 
characteristics of homogeneity and conchoidal frac- 
ture. Although many kaolins are pure enough to be 
used in their natural state for many purposes, most 
kaolins are refined or are beneficiated by washing 
or by several other processes. 

Five tons of kaolin was mined near Franklin, 
N.C., and shipped to Josiah Wedgewood in England 
in 1767-68. Since that time, the demand for kaolin 
has increased so greatly that in 1970 production 
reached almost 5 million short tons valued at slightly 
more than $100 million. Georgia and South Carolina 
are the major producers of kaolin, and small quanti- 
ties are produced in Alabama, California, Florida, 
Idaho, North Carolina, Pennsylvania, Texas, and 
Utah. Kaolin production has increased at a nearly 
constant rate during the past 50 years (fig. 14). 
The depression in the 1930’s and the recessions since 
then have affected kaolin production less than any 
of the other types of clay. The average value per ton 
has increased from $5.75 in 1933 to $21.91 in 1968. 
This undoubtedly indicates that increasing demands 
for high-quality clay used for paper filler and paper 
coater have caused production costs to rise steadily. 

Reserves of kaolin in the Cretaceous and Tertiary 
rocks of the coastal plain of Georgia, Alabama, and 
Mississippi are estimated to be more than 300 mil- 
lion tons. Other deposits estimated to contain 1 
million tons of kaolin are scattered throughout the 
Appalachian region. The Nation’s resources of kao- 
lin, which contain a much higher percentage of im- 
purities than the reserves, are estimated to be at 
least 5 billion tons. This includes the potentially 
recoverable kaolinite and halloysite found in sapro- 
lite in North Carolina, California, Washington, and 
Idaho, and the hydrothermal halloysite in Utah and 
Nevada. 
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Byproducts—sand for use in making glass and 
muscovite for use in insulation and other prod- 
ucts—are recovered from kaolin deposits in Latah 
County, Idaho, and muscovite is recovered near 
Spruce Pine, N.C., Sand for the glass industry is 
recovered from the kaolin deposit in Orange County, 
Calif. Bauxite is a minor byproduct of some of the 
kaolin deposits in the Coastal Plain of Georgia and 
Arkansas. 


BALL CLAY 


The term “ball clay” originates from an early 
English mining practice of rolling the highly plastic 
clay into balls weighing 30-50 pounds. The impuri- 
ties found in ball clay are illite, montmorillonite, 
and carbonaceous matter. Quartz, as particles of 
silt and sand size, and iron oxide minerals are vir- 
tually absent from the best grade ball clays. The 
color of most ball clay is nearly white, but some 
colors range from pink to brown and through shades 
of gray to black. The color after firing is almost 
white. Ball clays require between 40 and 65 percent 
water of plasticity to become workable; plasticity, 
toughness, high dry-green strength, and adhesion 
are the outstanding characteristics of ball clay. 
When fired, ball clay becomes dense and vitreous, 
and its deformation point is between 1670° and 
1765°C. Whiteware, floor and wall tile, and refrac- 
tories account for most uses of ball clay, and build- 
ing brick and paint filler account for minor uses. 

Ball clay was first mined in the United States in 
1860 near Paris, Tenn., but it was used only by the 
local pottery industry. Steady production of ball 
clay began in 1894 when Mr. I. Mandle shipped clay 
from western Tennessee to East Liverpool, Ohio. 
The production of ball clay in 1969 was 682,000 
short tons valued at $9.7 million. Tennessee, Ken- 
tucky, and Mississippi are the major producers, but 
very small quantities are produced in Maryland, 
Texas, and California. Production of ball clay has 
been increasing during the past 50 years (fig. 14) ; 
however, during the depression years of 1921 and 
1932-34, production was low, and the amount of 
ball clay produced yearly is lower now than any 
other clay commodity. The average value per ton 
has increased from $6.21 in 1933 to $14.25 in 1969. 

Lenses of ball clay are known to occur in the fol- 
lowing sedimentary units: Wilcox and Claiborne 
Formations of Eocene age in Kentucky, Ripley 
Formation of Cretaceous age and Wilcox and Clai- 
borne Groups of Eocene age in Tennessee, Fearn 
Springs Sand Member of the Nanafalia Formation 
and Claiborne Group of Eocene age in Mississippi, 
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Wilcox Formation of Eocene age in Texas, and 
Potomac Group of Cretaceous age in Maryland. All 
these units are located in the Coastal Plain and 
Mississippi Embayment, and most of the best grade 
ball clays are shipped from the Mississippi Embay- 
ment area. 

Reserves of ball clay containing the lower per- 
centages of quartz sand and silt are estimated to be 
about 4 million tons in Kentucky, Tennessee, and 
Mississippi. Resources of ball clay are estimated to 
be more than 50 million tons, but this total includes 
ball clay containing a percentage of sand and silt 
higher than that in the deposits now being mined. 


FIRE CLAY 


The term “fire clays” originated from their re- 
fractory property, the ability to be fired at high 
temperatures without warping. On the basis of their 
physical appearance, characteristics, and properties, 
fire clays can be divided into four categories: plastic 
clay, semiflint clay, flint clay, and nodular flint clay. 
The associated minerals are mainly quartz, siderite, 
feldspar, and rarely anatase. The color of fire clay, 
controlled primarily by the amount of carbonaceous 
matter, is mainly some shade of gray, but brown 
and black are common. The relative plasticity and 
hardness give a good indication of the refractoriness 
of each type. The flint and nodular clays have no 
plasticity and are the hardest and most refractory, 
deforming when fired at temperatures between 
1,745° and 1,805°C. The plastic clay is the most 
plastic and the softest, and it deforms when fired at 
1,620° to 1,670°C. Semiflint clay is intermediate in 
plasticity and hardness, and it deforms when fired 
at 1,670° to 1,745°C. The fired colors range from 
red to buff and gray. Fire clays are used in making 
refactories, structural brick, sewer pipe, pottery, 
stoneware, floor and wall tile, and cement and as 
fillers. 

The first production of fire clay in the United 
States was in New Jersey where fire clay was mined 
at Woodbridge in 1816 for shipment to Boston, 
Mass., and the first plant for making refractory 
products was built in 1825 at Salamander, N.J. 
Until 1943, fire clay was the leading clay commodity 
(fig. 14), but since then, it has been second to the 
clays of the miscellaneous group. The demand for 
fire clay increased to a peak production of 11.8 
million short tons in 1957, and since then produc- 
tion has steadily declined to 7.2 million short tons 
in 1969. This decline is due to the major change by 
the steel industry from open-hearth furnaces to 
basic oxygen furnaces. The production of fire clay 
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will probably continue to decrease in the future. The 
major fire-clay-producing States are Alabama, Cali- 
fornia, Colorado, Illinois, Kentucky, Missouri, Ohio, 
Pennsylvania, Texas, and West Virginia. The minor 
producers are Arizona, Arkansas, Idaho, Indiana, 
Kansas, Maryland, Minnesota, Mississippi, New 
Jersey, New Mexico, Oklahoma, Oregon, Utah, 
and Washington. The average value per ton was a 
low of $2.35 in 1942 and a high of $5.29 in 1967. 

All deposits of fire clay are found in sedimentary 
rocks, and many of them are associated with coal 
beds. Much of the fire clay produced east of the 
Mississippi River is from the Lower Pennsylvanian 
sedimentary rocks; these clays are referred to as 
underclays because they almost invariably occur 
just below coal beds. Some kaolin called fire clay is 
mined from the Raritan Formation of Cretaceous 
age in New Jersey, from the Nanafalia Formation 
of Eocene age in Georgia and Alabama. West of 
the Mississippi River, fire clay occurs in beds and 
lenses of the Dakota Sandstone of Cretaceous age 
in at least six States. In Missouri, the clay is in the 
Cheltenham Clay of Wanless (1939) of Pennsyl- 
vanian age. In the Pacific Coast States and Idaho, 
fire clay occurs in Eocene sediments, the Ione For- 
mation in California being the most productive. 

The reserves of fire clay suitable for use in low- 
and moderate-heat-duty refractories are estimated 
at 1 billion tons, and for high-heat-duty refractories, 
flint and nodular flint clays, the reserves are esti- 
mated at about 500 million tons. Resources of fire 
clay are estimated at approximately 7 billion tons. 
If the future demands for fire clay decrease, the 
present production trend of fire clay will continue 
as shown (fig. 14); however, most of the decline 
will be in the demand for high-heat-duty refractory 
products, and the demand for low- and moderate- 
heat-duty refractory products will remain constant 
and may increase in the future as the production of 
metals expands. 

In some areas where fire clay occurs as underclay, 
there is economic waste in the mining methods. 
Before World War II, almost all fire clay was mined 
by underground methods, and the coal was left be- 
cause it made a better, safer roof than shale. Local- 
ally, the coal was mined from areas in the mine 
where the clay had been removed previously. Under- 
ground mining has become very costly, and for the 
past 10 years, fire clay has been almost exclusively 
strip mined. Now, the clay companies rarely mine 
any potentially economical coal as a coproduct, and 
the coal is wastefully placed on the spoil bank with 
the overburden by means of draglines, power shov- 
els, and bulldozers. 
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BENTONITE AND FULLER’S EARTH 


Bentonite and fuller’s earth are clay commodities 
that are related either by mineral composition or 
by use. The term “fuller’s earth” comes from its 
former use which was for cleaning or fulling wool 
by fullers. Both bentonite and fuller’s earth have a 
wide variety of physical properties that make them 
suitable for many different uses and applications. 
Both are used in drilling muds, bentonite principally 
where fresh water is present in the rocks penetrated 
and -palygorskite-type fuller’s earth where salt 
water is present. The “‘sodium,” “high swelling,” or 
“Wyoming’’-type bentonite has exchangeable sodium 
ions and when wetted with water will increase in 
volume 15-20 times. The ‘‘calcium,” ‘‘low-swelling,” 
or “southern” bentonite will not increase in volume 
when wetted with water. The swelling bentonite has 
excellent dry properties and is used for bonding 
foundry sand and iron-ore pellets. Most of the non- 
swelling bentonite has very good green-bond prop- 
erties and is used in foundries employing the green- 
mold technique. Bentonite is also used in petroleum 
refining as a catalyst, and fuller’s earth is sold for 
clarifying and processing mineral and vegetable 
oils. Some bentonite or fuller’s earth is treated or 
“activated” with acid to improve its effectiveness 
in processing oil, and the activated clay is usually 
referred to as bleaching clay. A fuller’s earth prod- 
uct termed “absorbent granules” is used for many 
purposes, such as an agent for absorbing oil, grease, 
and chemicals from floors, as an animal litter, and 
as a soil conditioner. Both fuller’s earth and ben- 
tonite are used as carriers for insecticides and 
fungicides, and minor quantities of bentonite are 
sold for many other uses, such as sealing irrigation 
canals and reservoirs. 

The first shipment of bentonite for commercial 
purposes was made in 1888 from Rock Creek, Wyo., 
by William Taylor. Fuller’s earth was first pro- 
duced in the United States in 1891, when a bed of 
Tertiary clayey marl near Alexander, Ark., was 
mined. This clay, however, was used for only a very 
short time because it proved to be unsatisfactory. 
In 1893, fuller’s earth was discovered through curi- 
osity near Quincy, Fla., when an effort to burn 
brick proved unsuccessful. The production of both 
bentonite and fuller’s earth has increased more or 
less steadily since the late 19th century. In 1969 
the production of bentonite reached 2.6 million short 
tons valued at $25.9 million, and the production of 
fuller’s earth reached 984,000 short tons valued at 
$25.3 million. Wyoming, Mississippi, and Texas are 
the major bentonite-producing States, and Florida, 


128 


Georgia, and Mississippi are the major fuller’s 
earth-producing States. Bentonite production data 
(fig. 14) are available for only 40 years because 
before 1930 they were included in the miscellaneous- 
clay category. The production data for fuller’s earth 
for the past 50 years are shown in figure 14. The 
average value per ton of bentonite increased from 
$5.37 in 1936 to $11.83 in 1960 and then decreased 
to $9.82 in 1969. Some of this decrease in value 
during the 1960’s was due to the increased demand 
for low-cost poor-quality bentonite as a bond in 
pelletizing fine-grained iron ores. The average value 
per ton of fuller’s earth increased from $9.28 in 
1933 to $25.77 in 1969. Part of this increase in 
value took place in the 1960’s when animal litter, 
sold in small quantities, became popular at the 
supermarkets. 

Much of the best grade “Wyoming” or “sodium” 
bentonite occurs in the Mowry Shale of Cretaceous 
age in Wyoming and South Dakota. The Clay Spur 
Bentonite bed, near the top of this formation in a 
belt surrounding the Black Hills, has been a major 
source of bentonite, and it still contains large re- 
serves. Other beds in the Mowry Shale and younger 
formations have been mined in the vicinity of the 
Bighorn Mountains, Wyo. and at scattered locali- 
ties in Montana. The “calcium” or “southern” ben- 
tonite of Cretaceous age is mined in Mississippi and 
Alabama. Extensive beds of “‘calcium” bentonite of 
Tertiary age have been the major sources of ben- 
tonite in Texas, Arizona, and California, and smaller 
deposits of “calcium” bentonite occur in all Western 
States. A unique magnesium and lithium-bearing 
high-swelling bentonite termed “hectorite” occurs 
near Hector, Calif., and at a locality in Arizona. 
Altered volcanic rock, consisting mainly of mont- 
morillonite, is mined at a locality in Utah and sold 
as bentonite. Probably similar rock in other States 
is used as bentonite. 

Most fuller’s earth deposits occur as beds in sedi- 
mentary rock, but some are hydrothermally altered 
voleanics. The deposits in southern Georgia and 
northern Florida that consist mainly of palygorskite 
and montmorillonite are in the Hawthorn Forma- 
tion of Miocene age. Fuller’s earth also occurs in 
this formation in central peninsular Florida and in 
the vicinity of Tampa, Fla. Significant tonnages of 
fuller’s earth products are produced from the 
Twiggs Clay of HKocene age in middle Georgia. The 
Porters Creek Clay of Paleocene age, which con- 
tains enormous tonnages of fuller’s earth, is mined 
at six localities. This formation extends from south- 
eastern Missouri to southern Illinois, across the 
western part of Kentucky and Tennessee, across 
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northeastern Mississippi, and well into Alabama. 
The clay in both the Twiggs Clay and the Porters 
Creek Clay consists chiefly of montmorillonite and 
poorly crystalline silica in the form of opal or cris- 
tobalite. Bentonite is mined at a few places in 
Texas, California, and elsewhere and is sold as 
fuller’s earth. Altered volcanic rock consisting 
chiefly of montmorillonite is also mined in Utah and 
California and is sold as fuller’s earth. 


Resources of all grades of both bentonite and 
fuller’s earth are very large. The reserves of ben- 
tonite must be considered as at least 1 billion tons, 
and any estimate of presumed resources would be 
much greater than this figure. The estimate of 1 
billion tons includes large deposits of bentonite 
suitable for bonding iron-ore pellets, but it is classed 
as submarginal for uses such as drilling mud. The 
reserves of very high grade colloidal bentonite are 
limited, and deposits of this type are in demand. 
Resources of fuller’s earth are tentatively estimated 
at 2 billion tons. Almost any figure, however, could 
be used here, if all the material equivalent to the 
grade of fuller’s earth used in the past, but now 
considered submarginal is included. This would in- 
clude much of the extensive Porters Creek Clay, the 
Twiggs Clay, thick opal claystone beds, and many 
scattered impure or low-grade bentonites. 


MISCELLANEOUS CLAY 


The term ‘‘miscellaneous clay” is used by the U.S. 
Bureau of Mines for clays and shales that do not 
fit any of the other five categories. The miscellaneous 
clay and shale may be any color and may contain 
a large amount of impurities, but the color and 
impurities may give the clay the necessary proper- 
ties to make the final product a salable item. Mis- 
cellaneous clays and shales are used chiefly in mak- 
ing fired products, but some are used in the unfired 
form. The unfired uses are as follows: Shale for 
filler in paint and asphalt; clay for abrasives, 
termed “rottenstone”’; shale for “clay dummies” 
used to pack dynamite in blasting holes; and clay 
used for plugging oil and gas wells. These products 
are easily processed, requiring only drying, grind- 
ing, and bagging. Fired products made from mis- 
cellaneous clay and shale include face and structural 
brick, vitrified sewer pipe, drain tile, flue tile, con- 
duits, pottery, and stoneware and floor, wall, and 
roofing tile. In addition to these uses, clay and shale 
are used in the manufacture of portland cement and 
lightweight aggregate. 

The demand for miscellaneous clay has increased 
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in the United States so that in 1969, 42.3 million 
short tons, valued at $63.3 million, of miscellaneous 
clay and shale was produced. Every State, except 
Alaska and Rhode Island, has produced miscellan- 
eous clay products. The States producing over 1 
million tons in 1969 were Alabama, California, 
Georgia, Illinois, Indiana, Iowa, Kentucky, Mary- 
land, Michigan, Mississippi, Missouri, New York, 
North Carolina, Ohio, Pennsylvania, South Caro- 
lina, Tennessee, Texas, and Virginia. Miscellan- 
eous clay production increased tremendously in 
the 1944-46 period (fig. 14) because there was 
an increase in building construction following 
World War II. Before that time, clay production 
fluctuated considerably, but since then production 
has been steady. The average value per ton of mis- 
cellaneous clay was lowest at $0.72 in 1944 and 
highest at $2.91 in 1929, just before the depression. 
The average value per ton in 1969 was $1.49. 

Miscellaneous clay and shale occur in rocks rang- 
ing in age from Precambrian to Holocene and are 
formed by several different geologic processes. Rocks 
used for miscellaneous clay products include both 
fresh and weathered shale, weathered and fresh 
schist, slope wash and alluvium, loess, and ferru- 
ginous saprolite. Underclay beds and kaolin are also 
used in heavy-clay products, and some production of 
these clays is reported as miscellaneous clay by the 
U.S. Bureau of Mines. 

Reserves of miscellaneous clay and shale are 
enormous in many areas of the United States, but 
a few plants in or near metropolitan areas have 
raw-material-supply and air-pollution problems. 
The suburban spread of large cities, especially on 
the east coast, has engulfed a few brick and tile 
plants and their clay and shale resources. Some 
plants must be relocated or face increasing costs of 
transporting raw material, and other plants will 
have to install smoke and dust clarifiers. Future de- 
mands for products made from miscellaneous clay 
and shale can be expected to increase at the same 
rate as demands for the past two decades( fig. 14). 
The demand for structural clay products should 
continue to grow, although competition from other 
building materials will also continue to increase. 
The demand for shale in making lightweight aggre- 
gate continues to increase and may replace much of 
the sand and gravel which are being depleted near 
some of the large eastern cities. 

Resources of miscellaneous clay and shale are vir- 
tually inexhaustible. The average value per ton is 
so low that the economics of land values, mining 
costs, production problems, transportation, market 
demands, and competition are much more important. 
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SUMMARY OF RESOURCES 


A summary of the resources of the various types 
of clays is given in table 25. 


TABLE 25.—Summary of clay resources of the United States 


Potential 
resources * 
(tons) 


Reserves 4 Remarks 


(tons) 
>300 million — 


Type of clay 


Chiefly in Georgia, 
Alabama, and 
Mississippi. 

Lower grade than 
reserves. 

Chiefly in Ken- 
tucky. Ten- 
nessee, and 
Mississippi. 

50 million --_-__ Lower grade than 
reserves. 

Refractories 
(low to medium 
duty). 

Refractories 
(high duty); 
flint and 
nodular flint 
clays. 


Kaolineeee === 


Dow =-=--— = 


7 billion ~_____ 
1) billions —— 


Do) ses 2555 == 


All grades. 
Limited re- 
serves of high- 
grade colloidal 
type. Chiefly 
in Wyoming, 
South Dakota, 
Mississippi, 
and Alabama. 

Chiefly in 
Georgia, Flor- 
ida, Alabama, 
Kentucky, 
Tennessee, 
Mississippi, 
Missouri, 
Illinois, Texas, 
and California. 
Total probably 
greater. 


Fuller’s earth —__ 


Virtually 
inexhaustible. 


Miscellaneous Enormous —-~~ 


clays. 


1 Reserves: Identified deposits from which minerals can be extracted 
profitably with existing technology and under present economic conditions. 

2 Potential resources: Identified mineral deposits not profitably recover- 
able with existing technology and economic conditions and undiscovered 
mineral deposits whether of recoverable or subeconomic grade. 


ENVIRONMENTAL CONSIDERATIONS 


Almost all clay deposits are mined from open pits; 
heavy equipment is used to remove the overburden 
and dig the clay. Surface mining destroys the beauty 
of the countryside and may pollute streams and 
rivers. Most States require clay producers to install 
settling ponds to prevent contaminiation of the 
streams; some States require open pits to be back- 
filled and covered with vegetation to restore the 
mined-out areas. Many older abandoned pits are, 
however, ugly scars detracting from the beauty of 
the countryside. Many clay-processing plants have 
installed, and others will be required to install, 
smoke- and dust-control systems to prevent atmos- 
pheric pollution. This, along with increased mining 
costs, will raise the future market prices of manu- 
factured clay products. 


PROBLEMS FOR RESEARCH 


More geologic studies are needed related to clay 
deposits, especially bentonite and fuller’s earth, and 
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inereased awareness is needed by the geologic pro- 
fession of the value of clay deposits. The economic 
information needed on clay occurrences in areas 
currently being mapped are mineralogy, purity, 
thickness, areal distribution, overburden, and po- 
tential uses. Many geologic reports of areas con- 
taining clay deposits either have ignored those de- 
posits or have given them cursory attention. To help 
in evaluating potential uses, clay-testing laboratories 
should be made available to the Federal and State 
geological surveys and to the public. 
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ABSTRACT OF CONCLUSIONS 


The estimated coal resources of the United States remain- 
ing in the ground as of January 1, 1972, totaled 3,224 billion 
tons. Of this large total, 1,581 billion tons, or 49 percent, is 
classed as identified, and 1,648 billion tons, or 51 percent, is 
classed as hypothetical. 

Stripping coal resources remaining in the ground as of 
January 1, 1968, totaled 118 billion tons, or about 7.5 percent 
of the identified resources. 

World coal resources are estimated to total 16,830 billion 
tons, of which 9,500 billion tons is classed as identified, and 
7,330 billion tons is classed as hypothetical. The United 
States contains about one-fifth of estimated total world re- 
sources. 

On a uniform Btu basis, U.S. coal resources are larger 
than the combined domestic resources of petroleum, natural 
gas, oil shale, and bituminous sandstone. The prolonged fu- 
ture need for energy in ever-increasing quantities, and the 
prospect of decreasing availability of and increased prices 
for petroleum and natural gas, have focused very sharp at- 
tention on coal as an alternative source of synthetic gas, 
liquid fuels, and lubricants. 


INTRODUCTION 


Coal is widespread and abundant in the United 
States. Coal-bearing rocks underlie about 13 percent 
of the land area of the 50 States, and are present 
in varying amounts in parts of 37 States (Trum- 
bull, 1960; Barnes, 1961). The ready availability of 
coal has contributed substantially to the growth 
and industrial development of the nation. 

On any basis of analysis, U.S. resources of coal 
are larger than the combined resources of petroleum, 
natural gas, oil shale, and bituminous sandstone, 
but use of coal lags behind use of both petroleum 
and natural gas because these two fuels are cleaner 
to burn and easier to handle. In spite of this handi- 
cap, annual coal production in the United States 
ranges typically from 500 to 600 million tons. About 
10 percent of the annual production is exported, 
primarily to Japan, Canada, and western Europe. 

Of coal consumed annually in the United States, 
about 62 percent is used in the production of elec- 
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trie power, 20 percent is used by the steel industry, 
16 percent by the manufacturing industry, and 2 
percent for all other purposes. Coal is also of great 
future value and importance as a subsidiary source 
of synthetic gas, liquid fuels, and lubricants. 


ENVIRONMENT OF COAL ACCUMULATION 


Coal is the compressed and altered residue of 
plants that grew in ancient fresh- or brackish-water 
swamps. As the plant remains accumulated they 
were transformed into peat; later they were altered 
by diagenesis (chemical and physical changes occur- 
ring before they became solidified), and still later 
by metamorphism (chemical and physical changes 
brought about by pressure and heat after they be- 
came solidified). Coal contains widely varying 
amounts of sand, silt, and mud that was washed 
into the peat swamps, and this admixed sediment 
forms the bulk of the ash of burned coal. The physi- 
cal and chemical properties of coal and the coalifi- 
cation process have been described in considerable 
detail by Schopf (1948; 1956) and by Dapples and 
Hopkins (1969). 

The accumulation of peat requires a humid cli- 
mate to support a rich growth of vegetation, and 
a high water table to permit prolonged accumula- 
tion of plant material in a reducing environment 
(See “Peat,” this volume). Most of the large peat 
deposits of Pennsylvanian age that were the pre- 
cursors of coal mined extensively in the Hastern 
and Central United States were formed near sea 
level—some in estuaries or coastal lagoons, others 
on large deltas or many coalescing deltas, others on 
low-lying, broad coastal plains. These features form 
characteristically in areas of gentle downwarping of 
the sea floor marginal to the edges of an eroding 
landmass. This topographically low position in an 
area of gentle downwarping permitted periodic 
transgressions of the sea. Some thick coal beds of 
very wide areal extent required a very large and 
wide coastal plain, a prolonged optimum rate of 
plant growth and accumulation, a slow rate of sub- 
sidence, and an equally slow encroachment of the 
sea over periods measured in centuries. 

The transgressive sea ultimately covered the peat- 
forming swamp and terminated plant growth. The 
eroding landmass continued to supply sand, silt, 
and mud to the ssa, and this material settled in 
layers over the submerged peat swamp. In time, 
depending in length on the rate of sedimentation, 
the depth of the transgressive sea, and the rate of 
subsidence, this sedimentary material built up new 
deltas, lagoons, and coastal plains conducive to the 
development of new, younger peat-forming swamps. 
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This sequence of deposition was repeated many 
times by intermittent downwarping alone, but the 
sequence might have been prolonged, shortened, or 
terminated at any time by relatively minor move- 
ments of land relative to the sea floor. In the very 
delicate balance between sedimentation, subsidence, 
and uplift of the land, the sea also regressed from 
time to time. Peat swamps obviously formed during 
the regressive phase of the cycle, but these were 
subject to oxidation and are less commonly pre- 
served. These cyclic repetitions of the conditions 
allowing the formation of coal are documented in 
many of the world’s coal fields, but rarely as strik- 
ingly as in a sequence of several thousands of feet 
of sedimentary rock in West Virginia that contains 
117 coal beds of sufficient geologic and economic 
interest to have been described and named. 

Weight of the overlying sedimentary rock, heat 
produced by depth of burial, structural deforma- 
tion, and time all contribute to the progressive com- 
paction and devolatilization of peat to form the 
higher ranks of coal, which are discussed below. A 
subsequent major uplift of the land relative to the 
sea has raised the U.S. coal fields to their present 
positions, exposing them to erosion and to view, 
thereby permitting study and mine development. 


RANK OF COAL 


Coal is classified by rank according to the per- 
centage of fixed carbon and heat content, calcu- 
lated on a mineral-matter-free basis. As shown in 
figure 15, the percentage of fixed carbon and the 
heat content increase from lignite to low-volatile 
bituminous coal as the percentages of volatile mat- 
ter and moisture decrease. These changes are pri- 
marily the result of depth and heat of burial, 
compaction, time, and structural deformation. Rank 
is thus a way of expressing the progressive meta- 
morphism of coal. It is quite independent of grade, 
which is a way of expressing quality. 

As coals of different rank are adapted to differ- 
ent uses, rank is a major basis of differentiation in 
coal-resource calculations. In accompanying tables 
and figures, the coal resources are expressed in 
short tons. If arithmetic adjustments were made 
for the contained heat values, the distribution pat- 
terns would be changed somewhat because of the 
lower heat values of lignite and subbituminous coal. 


GRADE OF COAL 


Coal is classified by grade largely according to the 
content of ash, sulfur, and other deleterious con- 
stituents. Thus far in work on coal resources, a 
preliminary classification on the basis of sulfur 
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FIGURE 15.—Comparison on moist, mineral-matter-free basis 
of heat values and proximate analyses of coal of different 
ranks. 


content has been made, but classification on the 
basis of ash content has not been made, because ash 
is a more highly variable component than sulfur. 
In recent years, information on trace elements in 
coal has increased somewhat, but classification ac- 
cording to trace-element content is not yet possible. 


SULFUR 


Sulfur is an undesirable element in coal. It lowers 
the quality of coke and of the resulting iron and 
steel products. It contributes to corrosion, to the 
formation of boiler deposits, and to air pollution. 
Its presence in spoil banks inhibits the growth of 
vegetation. As sulfuric acid, it is the main deleteri- 
ous compound in acid mine waters, which contribute 
to stream pollution. 

The sulfur content of coal in the United States 
ranges from 0.2 to about 7.0 percent, but the aver- 
age in all coal is 1.0—2.0 percent. Most of the sulfur, 
perhaps 40-80 percent, occurs as a constituent of 
pyrite and marcasite (FeS.). The remainder occurs 
as hydrous ferrous sulfate (FeS.°7H.O), derived 
by weathering of pyrite, as gypsum (CaS0O,°2H.0), 
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and as organic sulfur in combination with the coal- 
forming vegetal material (Walker and Hartner, 
1966). 

The percentage of sulfur and of pyritic sulfur is 
highest in bituminous coals of Pennsylvanian age 
in the Appalachian and Interior coal basins. The 
percentage is relatively low, generally less than 1 
percent, in subbituminous coal and lignite of the 
Rocky Mountain and Northern Great Plains regions. 
This relation is shown clearly in table 26. 


TABLE 26.—Distribution, in percent, of identified’ United 
States coal resources according to rank and sulfur content * 


Sulfur content (in percent) 


Rank Low Medium High 


0-1 1.1-3.0 3+ 
Anthracite ~_.__.._----__ 97.1 2.9 oA 
Bituminous coal __--_-__- 29.8 26.8 43.4 
Subbituminous coal __---- 99.6 A 264 
Mipnitegsse2 = soe 22 see 2 90.7 9.3 eed 
Alle ranks! 2-25 24 2 se 65.0 15.0 20.0 


1dentified resources: Specific, identified mineral deposits that may or 
may not be evaluated as to extent and grade, and whose contained min- 
erals may or may not be profitably recoverable with existing technology 
and economic conditions. 


2 From DeCarlo, Sheridan, and Murphy (1966). 


The conspicuously large percentage of low-sulfur 
coal in the United States, shown on the last line 
of table 26, is primarily due to the fact that the 
resources of low-sulfur subbituminous coal and lig- 
nite concentrated in the Rocky Mountain and North- 
ern Great Plains regions represent about 54 percent 
of total identified resources. 


RESEARCH ON REMOVAL OF SULFUR 


Pyrite and marcasite have a high specific gravity, 
and most of this material can be removed from coal 
by various washing and cleaning procedures. The 
other forms of sulfur have lower specific gravities 
and are more intimately mixed with the coal, and 
consequently are less easily removed. Between 60 
and 65 percent of all coal mined in the United States 
is cleaned to remove pyritic and inert material be- 
fore use. However, in spite of such large-scale clean- 
ing, the average sulfur content of all coal used in 
the United States is still nearly 2 percent. 

Current efforts to reduce the sulfur content of 
coal and of flue gas take many forms: 

1. Much research is in progress on methods to re- 
move SO, and SO; from flue gas. This can be 
done by several well-known chemical processes, 
and the technical problems inherent in the 
large-scale commercial application of chemical 
processes are likely to be solved in the near 
future. 

2. Meanwhile, the search for low-sulfur coal has 
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been intensified, particularly in the Eastern 
States, and the use of lower-sulfur coal has 
been increased. A few older coal-burning util- 
ity plants in the Midwest have converted from 
high-sulfur local coal to low-sulfur Rocky 
Mountain coal. This substitution has required 
payment of transportation costs of $3—$5 per 
ton, and acceptance of the lower heat content 
of Rocky Mountain coal. Such high transpor- 
tation costs obviously will intensify research 
efforts mentioned in item 1. 

3. Much research is in progress on methods to 
produce a high-Btu, sulfur-free gas from coal. 
This is also a technical possibility soon to be 
realized. It has the multiple advantages of 
lowering the costs of long-distance transpor- 
tation of energy, of eliminating the sulfur 
problem, of augmenting declining resources 
of natural gas, of reducing dependence on 
foreign sources of oil and gas, and ultimately 
permitting use of high-sulfur eastern coal. 

4, Research on improved methods of producing 
electric power by nuclear fission and fusion 
is continuing. 

These varied avenues of approach suggest that 
the amount of sulfur-released to the atmosphere by 
the burning of coal will soon be greatly reduced. 


MINOR ELEMENTS IN COAL 

Coal contains small quantities of virtually all 
metallic and nonmetallic elements, that were intro- 
duced into the coal bed in one or all of four differ- 
ent ways: 

1. As inert material washed into the coal swamp 
at the time of plant accumulation. 

2. As a biochemical precipitate from the swamp 
water. 

3. As a minor constituent of the original plant 
cells. 

4. Asa later addition, introduced after coal forma- 
tion, primarily by ground water moving down- 
ward and laterally. 

When coal is burned, most of these elements are 
concentrated in the coal ash, but a few of the more 
volatile elements are emitted into the atmosphere. 
Coal ash is composed largely of the oxides of Si, Al, 
Fe, Ca, Mg, K, Na, and S, which typically make up 
93-98 percent of the total weight of the ash (Aber- 
nethy and others, 1969a). The remaining few per- 
cent of coal ash is made up of small individual 
amounts of many other elements, which differ in 
variety and quantity in different areas and beds. 
These elements are generally measured in parts per 
million or billion, and for this reason are termed 
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minor elements, although they may not be minor 
elements in other contexts. 

The minor elements in coal are of considerable 
interest because some may become of future re- 
source importance, and others may be pollutants. 
Most of the minor elements occur in coal in about 
the same concentration as their estimated concen- 
tration in the earth’s crust, but 25-30 elements occur 
locally in greater concentration and these have re- 
ceived the most study. A few elements, notably U, 
Ge, As, B, and Be, occur locally in vastly greater 
concentrations than their estimated concentration 
in the earth’s crust; others, including Ba, Bi, Co, 
Cu, Ga, La, Pb, L, Hg, Mo, Ni, Se, Se, Ag, Sr, Sn, 
V, Y, Zn, and Zr, occur locally in appreciably greater 
concentrations. Other elements of interest that gen- 
erally occur in lower concentrations than those 
listed above include Cr, Mn, P, Te, Tl, Ti, and W. 
It should be noted that the concentration of an 
element in excess of the estimated concentration in 
the earth’s crust, although of great interest and 
geologic significance, does not necessarily imply an 
economic or paramarginal concentration, because 
that is determined by the concentration in typical 
commercial sources of the respective element. 

Reports by Abernethy and Gibson (1963) ; Aber- 
nethy, Peterson, and Gibson (1969a, b); Zubovic 
(1966a, b); Zubovic, Sheffey, and Stadnichenko 
(1967) ; Zubovic, Stadnichenko, and Sheffey (1960a, 
b, c; 196la, b; 1964; and 1966); and by Sun, 
Vasquez-Rosas, and Augenstein (1971) summarize 
available information concerning minor elements in 
coal. A selected bibliography on trace elements in 
coal, applicable primarily to U.S. coals, has been 
compiled by Averitt, Breger, Gluskoter, Swanson, 
and Zubovic (1972). 
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The remaining coal resources of the United States 
as of January 1, 1972, are estimated to total 3,224 
billion tons. Of this large total, 1,581 billion tons, 
or 49 percent, has been identified on the basis of 
mapping and exploration, and the remainder of 
1,648 billion tons, or 51 percent, is classed as hypo- 
thetical because it has been determined by extrapo- 
lation of the data on identified resources into un- 
mapped and unexplored areas. The distribution of 
this tonnage by State is given in table 27. 

The figures in table 27, and in subsequent tables 
and figures, express resources in the ground. The 
recoverability in coal mining ranges from 40 to 90 
percent, depending largely on the method of mining, 
but it is influenced by many other diverse factors 
such as the nature of the roof rock, joints, faults, 
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TABLE 27.—Total estimated remaining coal resources of the United States, January 1, 1972 


[In millions of short tons. Figures are for resources in the ground, about half of which may be considered recoverable. Includes beds of bituminous 
coal and anthracite 14 in. or more thick and beds of subbituminous coal and lignite 242 ft or more thick] 


Total 
Identified resources ? Hypothetical resources 2 resources 
Over- Over- Over- Over- 
burden burden burden burden 
Overburden 0—-3,000 ft 0—3,000 3,000— 0—6,000 0—6,000 
ft 6,000 ft ft 
ft 
Total 
State Estimated estimated 
hypothe- identified 
Estimated identified resources remaining in the ground, Jan. 1, 1972 tical re- and hypo- 
sources in thetical 
unmapped Estimated resources 
and un- hypothe- remain- 
Anthra- explored tical re- Total ing in 
cite and areas rea- sources in estimated the 
Sub- semi- Total Source of estimate sonably deeper hypothe- ground 
Bitumi- bitumi- _Lignite anthra- near the structural tical re- Jan. 1, 
nous coal nous coal cite surface 3 basins ® sources 1972 
Alabama —_____ 13,342 0 2,000 0 15,342 Culbertson (1964); T. 20,000 6,000 26,000 41,342 
A. Simpson (written 
commun., 1972). 
Alaska —-_----_ 19,413 110,668 (4) (®) 130,081 Barnes (1951; 1967) —-- 130,000 5,000 135,000 265,081 
Arizona __-_-~ 8 21,246 (8) 0 0 21,246 Peirce and others 0 0 0 21,246 
(1970)7. 
Arkansas) ____-_ 1,638 0 350 430 2,418 Haley (1960) -------~ 4,000 0 4,000 6,418 
Colorado —__ = 62,339 18,242 0 78 80,659 Landis (1959) —_ 146,000 145,000 291,000 371,659 
Georgia —_— J 24 0 0 0 24 Johnson (1946)7 60 0 60 84 
Illinois _ Es 139,124 0 0 0 139,124 Simon (1965)7 _ 100,000 0 100,000 239,124 
Indiana —_— = 34,573 0 0 0 34,573 Spencer (1953) _ 22,000 0 22,000 56,573 
Iowa —-- = 6,509 0 0 0 6,509 Landis (1965) —------ 14,000 0 14,000 20,509 
Kansas __ = 18,674 0 (8) 0 18,674 Schoewe (1952; 1958)7 _ 4,000 0 4,000 22,674 
Kentucky __~-~__ 64,842 0 0 0 64,842 Huddle and others 52,000 0 52,000 116,842 
(1963). 
Maryland —__--__ 1,158 0 0 0 1,158 Averitt (1969) ----___ 400 0 400 1,558 
Michigan -_~_-~ 205 0 0 0 205 Cohee and others 500 0 500 705 
(1950). 
Missouri ~__--__ 31,014 0 0 0 31,014 Robertson (1971)? --__ 18,200 0 18,200 49,214 
Montana -_____ 2,299 131,855 87,521 0 221,675 Combo and others 157,000 0 157,000 378,675 
(1949; 1950)7. 
New Mexico _-__ 10,752 50,671 0 4 61,427 Read and others (1950)_ 27,000 21,000 48,000 109,427 
North Carolina _ 110 0 0 0 110 Reinemund (1949; 20 5 25 135 
1955). 
North Dakota -_ 0 0 250,630 0 350,630 Brant (1953) 5 ——— 180,000 0 180,000 530,630 
Qhio’” Seer 41,358 0 0 0 41,358 Brant and DeLong 2,000 0 2,000 43,358 
1960). 
Oklahoma —___-_ 3,281 0 (8) 0 3,281 Trumbull (1957) --_-_ 20,000 10,000 30,000 33,281 
Oregon) }2==2=="= 50 284 0 0 334 R. S. Mason (written 100 0 100 434 
commun., 1965)7. 
Pennsylvania —-_ 56,759 0 0 20,510 17,269 Reese and Sisler (1928); ®10,000 0 10,000 87,269 
Arndt and others 
(1968)7. 
Rhode Island —_- 0 0 0 (2°) ssa ay and others 0 0 0 a 
48). 
South Dakota —_ 0 0 2,031 0 2,031  ##D. M. Brown (1952) -_ 1,000 0 1,000 3,031 
Tennessee —_-~_ 2,572 0 0 0 2,572 Luther (1959; written 2,000 0 2,000 4,572 
commun., 1965). 
Mexasnso- === —— 6,048 0 6,824 0 12,872 Mapel (1967); Perkins 14,000 0 14,000 26,872 
and Lonsdale (1955). 
Utah 2 = 1123,541 1180 0 0 1123,721 Doelling 1970, 1971a, 1221,000 35,000 66,000 79,721 
b, ¢, d, e, f, Doelling 
and Graham, (1970; 
1971); H. H. Doelling 
(written commun., 
1971). 
Virginia ----__ 9,352 0 0 335 9,687 Brows and others 5,000 100 5,100 14,787 
1952). 
Washington —-_-_- 1,867 4,190 117 5 6,179 Be raeh and others 30,000 15,000 45,000 61,179 
1961). 
West Virginia —_ 100,628 0 0 0 100,628 Headlre and Nolting 9 0 0 100,628 
1940). 
Wyoming ----- 12,705 107,951 (2) 0 120,656 Berryhill and others 325,000 100,000 425,000 545,656 
(1950; 1951). 
Other States ~__ 13610 1432 15 46 0 688i) a ee 1,090 0 1,000 1,688 
Totals — 686,033 424,073 449,519 21,362 1,580,987 1,306,280 337,105 1,643,385 3,224,372 


1Jdentified resources: Specific, identified mineral deposits that may or may not be evaluated as to extent and grade, and whose contained minerals 
may or may not be profitably recoverabie with existing, technology and economic conditions. e : 

2 Hypothetical resources: Undiscovered mineral deposits, whether of recoverable or subeconomic grade, that are geologically predictable as exist- 
ing in known district. 

3 Estimates by H. M. Beikman (Washington), H. L. Berryhill, Jr. (Wyoming), R. A. Brant (Ohio and North Dakota), W. C. Culbertson 
(Alabama), H. H. Doelling (Utah), K J. Englund (Kentucky and Virginia), B. R. Haley (Arkansas), E. R. Landis (Colorado and Iowa), E. T. 
Luther (Tennessee), R. S. Mason (Oregon), C. E Robinson (Missouri), J. A. Simon (Illinois), J. V. A. Trumbull (Oklahoma), C. E. Wier (Indiana), 
and the author for the remaining States. 

4 Small resources of lignite included under subbituminous coal. 

5 Small resources of anthracite in the Bermg River field believed to be too badly crushed and faulted to be economically recoverable (Barnes, 1951). 

® Includes coal in the Dakota Formation of the Black Mesa field, some of which may be of subbituminous rank. Does not include small resources of 
thin and impure coal in the Deer Creek and Pinedale fields. P 

7 See other summary reports on coal resources in individual States as follows: Arizona (Averitt and O’Sullivan, 1969); Georgia (Butts and 
Gildersleeve, 1948; Sullivan, 1942); Illinois (Cady, 1952); Kansas (Abernathy and others, 1947); Missouri (Hinds, 1913; Searight, 1967); eastern 
Montana (Averitt, 1965); Ohio (Struble and others, 1971); Oregon (Mason and Erwin, 1955; Mason, 1969); Pennsyivania anthracite (Ashley, 1945; 
Ashmead, 1926; Rothrock, 1950); and Utah (Averitt, 1964). 

8 Small resources of lignite in beds generally less than 30 in. thick. 

®From Ashley (1944). - 

10 Small resources of meta-anthracite in the Narragansett basin believed to be too graphitic and too badly crushed and faulted to be economically 
recoverable as fuel. 

11 Excludes coal in beds less than 4 ft thick. 

12Includes coal in beds 14 in. or more thick, of which 14,000 million tons is in beds 4 ft or more thick. 

13 California, Idaho, Nebraska, and Nevada. 

14 California and Idaho. 

18 California, Idaho, Louisiana, and Mississippi. 
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and the need to protect oil and gas wells and fields. 
From the long-term national point of view, average 
recoverability is probably about 50 percent. How- 
ever, it is not desirable to report coal resource data 
on an arbitrary recoverable basis, because experi- 
ence with most commodities has shown very signifi- 
cant long-term changes in what is regarded as 
economically recoverable. Coal in the ground is a 
more certain value that can be modified now or in 
the future by any recoverability factor deemed 
appropriate. 


IDENTIFIED RESOURCES 


DISTRIBUTION BY SELECTED CATEGORIES 


In addition to the distribution by rank of the 
identified resources of 1,581 billion tons as pre- 
sented in table 27, about 60 percent of this total 
has been classified into additional categories accord- 
ing to the thickness of overburden, degree of relia- 
bility of estimates, and thickness of beds as shown 
in figure 16. This classified tonnage is fairly large 
and is widely distributed in 21 States; it is likely 
to be reasonably representative of the total identi- 
fied tonnage. 

Overburden.—Figure 16 clearly shows the pro- 
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nounced concentration of identified resources in the 
0-1,000-foot overburden category. This concentra- 
tion results in part from the fact that coal-bearing 
rocks are near the surface in most parts of the 
United States, and in part from the fact that pro- 
gressively less information is available for the more 
deeply buried beds. Much of the tonnage classed as 
hypothetical in figure 17 is in the 1,000—2,000-foot 
and the 2,000-8,000-foot overburden categories. As 
exploration and development are carried to greater 
depth it is certain that the identified resources will 
be considerably increased by addition of tonnage in 
the deeper overburden categories. 

Degree of reliability of estimates.—Figure 16 also 
shows the progressive increase in tonnage from the 
measured to the inferred categories. In the 0—1,000- 
foot overburden category, for example, 8 percent of 
the tonnage is classified as measured, 23 percent 
as indicated, and 58 percent as inferred. The same 
relation can be observed in the deeper overburden 
categories. The large percentage of inferred coal 
reflects merely distance from points of known infor- 
mation. Resources classified as “inferred” obviously 
exist, but the locations of such tonnage may differ 
slightly from those assumed to make the calcula- 
tions. As mapping and exploration continue, the 
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16.—Approximate percentage distribution of original identified U.S. coal resources by major resource categories. 
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percentage of coal classified as measured and indi- 
cated will surely increase. 

Thickness of beds.—Coal in thick beds, 0-1,000 
feet below the surface comprises 4 percent measured, 
8 percent indicated, and 13 percent inferred, for a 
total of 25 percent of the identified resources shown 
in figure 16. This percentage, when applied to the 
total of 1,581 billion tons, is equivalent to nearly 
400 billion tons. This choice tonnage is in a thick- 
ness and overburden category comparable to that of 
coal now being mined, and is therefore of current 
and near-current economic interest. 

Coal in beds of intermediate thickness, 0-1,000 
feet below the surface, makes up 23 percent of the 
identified resources, and is equivalent to 350 billion 
tons. This tonnage is of less immediate economic 
interest than tonnage in the thicker beds. However, 
some coal in this thickness and overburden category 
is currently being mined, and the total must be 
considered a paramarginal resource that will be- 
come of increasing economic interest and importance 
in the future. 

Coal in thin beds, 0-1,000 feet below the surface, 
makes up 41 percent of the identified resources, and 
coal in all thickness categories, 1,000-3,000 feet 
below the surface, makes up the remaining 11 per- 
cent. This coal is of little current economic interest. 

The amount in any category or combination of 
categories can be derived from figure 16 by the 
procedure used above. 


STRIPPING COAL RESOURCES 


In a recently published study, the U.S. Bureau of 
Mines (1971) concluded that the remaining strip- 
ping coal resources of the United States as of Janu- 
ary 1, 1968, totaled 118 billion tons. Of this total, 
about 90 billion tons, or 80 percent, is within reach 
by present machinery and methods of mining, but 
only 45 billion tons is both available for use and 
economically recoverable. 

For purpose of comparison, the larger total of 
118 billion tons of stripping coal resources is 7.5 
percent of the total of 1,581 billion tons of remain- 
ing identified resources as reported in table 27. 

The 45 billion tons of potentially recoverable 
stripping coal includes 32 billion tons of low-sulfur 
coal (less than 1 percent), 4 billion tons of medium- 
sulfur coal (1-2 percent), and 9 billion tons of 
high-sulfur coal (more than 2 percent). 


HYPOTHETICAL RESOURCES 


The preceding analysis of the distribution of 
identified coal resources provides convincing evi- 
dence that unmapped and unexplored areas in 
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known coal fields contain substantial additional re- 
sources that must be classed as hypothetical. The 
approximate magnitude of the additional hypo- 
thetical resources has been estimated by a process 
of extrapolation from nearby areas of identified 
resources, and estimates for each State are pre- 
sented in separate columns in table 27. The total 
tonnage of hypothetical resources actually exceeds 
by a small amount the tonnage of identified re- 
sources. Figure 17 shows the percentage relation 
between identified and hypothetical resources in 
four overburden categories. 
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FIGURE 17.—Probable distribution of total estimated U.S. 
coal resources according to thickness of overburden. 


Although large, the hypothetical resources are, 
for the most part, relatively inaccessible for mining 
at present, and a more exact delineation of the 
magnitude, distribution, and future utility of such 
resources will require a substantial amount of de- 
tailed geologic mapping, exploration, and study over 
a long period. Nevertheless, the estimated hypo- 
thetical resources constitute an important part of 
the total resource that needs to be considered in 
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future planning for the utilization of all energy 
resources. 


SPECULATIVE RESOURCES 


The resources presented in table 27 and discussed 
under the headings of identified and hypothetical 
resources represent total resources within limits 
established by the minimum thickness of coal beds 
and the maximum thickness of overburden. The 
major geologic features of the United States are 
known well enough to justify the statement that, 
in all probability, no major coal fields remain to be 
discovered. Hence the coal resources of the United 
States are all either identified or hypothetical. Be- 
cause there are no undiscovered districts, there are 
no speculative resources. 


WORLD COAL RESOURCES 


The original identified coal resources of the world 
total about 9,500 billion tons, the additional hypo- 
thetical resources total about 7,330 billion tons, 
and the two categories combined total 16,830 billion 
tons. The distribution of this tonnage by continents 
is shown in table 28. 


TABLE 28.—Hstimated total original coal resources of the 
world, by continents * 
[In billions of short tons] 


Hypothe- Estimated 
Continent Identified tical re- total 
resources? sources 3 resources 
PAS aepeeree ot Ses 57,000 4,000 ° 11,000 
North America _________ 1,720 2,880 4,600 
Wuropey 2oo 2 620 210 830 
(Sig) 80 160 240 
Oceanian 2 60 70 130 
South and Central 
Americay, joe a 20 10 30 
MotalWsa ee SU Ss 59,500 7,330 ° 16,830 


1 Original resources in the ground in beds 12 in. or more thick and gen- 
erally less than 4,000 ft below the surface, but includes small amounts 
between 4,000 and 6,000 ft. 

+Identified resources: Specific, identified mineral deposits that may 
or may not be evaluated as to extent and grade, and whose contained 
Minerals may or may not be profitably recoverable with existing tech- 
nology and economic conditions. 

* Hypothetical resources: Undiscovered mineral deposits, whether of 
recoverable or subeconomic grade, that are geologically predictable as 
existing in known districts. 

4Includes European U.S.S.R 

5 Includes about 6,500 billion short tons in the U.S.S.R. 

Tose about 9,500 billion short tons in the U.S.S.R. (Hodgkins, 
» P- : 


The figures for the United States as shown in 
table 27 are included in the total for North America 
in table 28. On the basis of identified resources, the 
United States contains about one-sixth of world 
resources ; on the basis of total resources, the United 
States contains about one-fifth of world resources. 

Table 28 shows clearly that Asia contains most 
of the world’s total coal resources. This tonnage is 
concentrated in the U.S.S.R. and China, both of 
which are important coal-producing countries. The 
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table also shows that the coal resources of Europe 
have been well established by mapping and explora- 
tion, and that estimates will not be greatly increased 
by future work. Finally, table 28 shows that Africa, 
Oceania, and South America contain small re- 
sources as compared with the rest of the world, but 
that the quantities assumed to be present are suffi- 
cient to justify continued exploration and develop- 
ment. (See Averitt, 1969, p. 81-85.) 
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ABSTRACT OF CONCLUSIONS 


Cobalt is a hard, silvery white metal of strategic import- 
ance in the production of high-temperature alloys, perma- 
nent magnets, and tool steels. Currently the United States 
sonsumes about 15 million pounds of the world’s annual 
cobalt production of 45 million pounds, but the domestic 
production, only about 3 million pounds, is derived from 
recycled scrap and the byproduct of iron mining in Penn- 


sylvania. That the amount of cobalt mined annually in the 
United States is so small is more a function of economic and 
technological problems than the lack of ore deposits contain- 
ing cobalt. Nearly all the cobalt that now reaches the world 
markets is the byproduct of mining sulfide ores of associated 
metals, chiefly copper, nickel, and iron in central Africa, 
Canada, and Finland. Large potential supplies of cobalt are 
in lateritic iron-nickel deposits of tropical regions. More 
than 1 billion pounds of cobalt is in the identified resources 
of the United States, chiefly in various types of deposits of 
sulfide ore in the Appalachian and midcontinent regions. Pub- 
lished data indicate that the identified cobalt resources of the 
world contain more than 9.9 billion pounds of the element. 
Additional large amounts of cobalt are in the manganese 
nodules of the sea floor. The world’s hypothetical and specu- 
lative resources of cobalt likely amount to many more bil- 
lions of pounds of metal. 


INTRODUCTION 


Cobalt (Co) is a hard, moderately malleable and 
ductile, strongly magnetic, silvery, white metal of 
great commercial importance in metallurgical appli- 
cations. The major uses of cobalt in the United States 
are, in order of consumption: (1) high-temperature 
alloys, the superalloys, (2) permanent-magnet al- 
loys, (3) cutting and wear-resistant alloys, (4) tool 
steels, (5) miscellaneous alloys, (6) pigments and 
driers for paint, ink, lacquer, and varnish, (7) 
ground-coat frit for enameling, (8) catalysts in the 
chemical and petroleum industries, (9) ceramic 
glazes, (10) additives and supplements to sheep and 
cattle feed, and (11) as radioactive Co® in several 
medical applications. 

In 1969 the United States consumed about 15 mil- 
lion pounds of the world’s estimated production of 
45 million pounds of cobalt (table 29). Domestic 
sources provided only about 3 million pounds, de- 
rived from recycled scrap and as a moderate-yield 
byproduct from iron mines in southeastern Pennsyl- 
vania (DeHuff, 1971, p. 399). The remaining domes- 
tic needs of 12 million pounds were filled by imports 
from ores originating chiefly in Zaire, Canada, 
Morocco, and Zambia. 
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TABLE 29.—World production of cobalt in 1969" 
[From DeHuff (1971, p. 401). Short tons of contained cobalt; °, estimate] 


Country Production 


AUIS tral ate ee en oe a en ee ° 330 
Canadaweeen =.= eS See 1,602 
Cuban eee. ae Se a eee 1,700 
in! ard eer ee. A see ee 1,800 
Germany, (GWiest)) 252-222 4 eee ee 864 
WGC UCT 3 = Se a ee eee ° 1,700 
ULSLSHIR: «(2a she ees ies oe oe ° 1,650 
ELT Gene ee ee ee * 11,000 
RMD Ae ee ee Ne ee 1,650 

Ota ligp = ai 8 Bee Se ee Ee 22,296 


1 Excluding Bulgaria, East Germany, Poland, and the United States. 


The great disparity between domestic production 
and consumption, particularly during periods of 
national emergency, is a matter of serious concern. 
This disparity may well increase in the future. Ac- 
cording to Reno (1970, p. 270), the annual demand 
for cobalt in the United States in the year 2000 is 
estimated to be at least 18.6 million pounds and possi- 
bly as much as 30.5 million pounds. Most of this 
metal will have to be imported, with the attendant 
costs in foreign exchange, unless substitutes can be 
developed or available domestic sources can be 
utilized more efficiently. 

The forecast of cumulative demand for cobalt in 
the United States from 1968 to the year 2000 ranges 
from 520 to 670 million pounds (Reno, 1970, p. 273). 
The world’s cumulative demand for cobalt for the 
same period ranges from 1,645 to 1,997 million 
pounds. The potential supply of primary cobalt in 
the world at current prices is more than 8-10 times 
the cumulative total of domestic demand and more 
than 2.5 times the cumulative total of world demand. 
This supply, however, is available only at a rate of 
40-50 million pounds per year, chiefly as a byprod- 
uct of nickel and copper mining. Supplies are thus 
tied to production of the major product, but produc- 
tion of these elements will also increase. Under cur- 
rent competitive economic conditions, future sup- 
plies will continue to come at no relative increase in 
current price (Reno, 1970, p. 273) from sulfide de- 
posits in Zaire, Canada, Morocco, and Zambia, and 
from the laterites of New Caledonia, Cuba, Indo- 
nesia, the Philippines, and other tropical lands. Be- 
ginning in 1954, however, the consumption of cobalt 
in other nations has increased at accelerating rates 
far in excess of that in the United States (Piedboeuf, 
1961, p. 3). The economic competition for available 
cobalt, especially under emergency conditions, per- 
haps will become greater in the future. 

Alleviation of the increasing demand for the pro- 
duction of cobalt may possibly be found in the dis- 
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covery and development of acceptable substitutes and 
the increased recycling of scrap. So far as is known, 
however, many of the alternate materials proposed 
as substitutes for cobalt also are strategic industrial 
metals, including nickel, and for some applications, 
vanadium, molybdenum, tungsten, and chromium. 
No substitutes are known, however, for the use of 
cobalt in carbides and in some tool steels (Reno, 
1970, p. 269). In other applications, several organic 
and mineral catalysts and driers can be used in the 
place of cobalt, but only at a loss in effectiveness. 
The same is true of substitutes for Co® as a source of 
gamma radiation. 

Few published data are currently available on the 
quantities of cobalt-bearing scrap that are recovered 
and reused in the United States. The quantity may 
be large, inasmuch as increasing volumes of cobalt- 
bearing superalloy are being used and the service 
life of many of the products made from these alloys 
is relatively short. Permanent magnets are also a 
potential source of secondary cobalt. According to 
Reno (1970, p. 268), export statistics show that at 
least 1.5 million pounds of cobalt-bearing scrap is 
generated and shipped out of the United States 
annually. 


EXPLOITATION 


Cobalt is now produced primarily as a byproduct 
of the mining and metallurgical processing of cop- 
per, nickel, and silver ores. More than half the 
cobalt produced comes from the strata-bound de- 
posits of copper in central Africa. Major production 
also comes from sulfide ores of copper, nickel, and 
iron associated with mafic rocks in Canada and Fin- 
land. Currently, only the mines at Bou Azzer, Moroc- 
co, are producing cobalt as a major product from 
vein deposits. 

In the United States some cobalt has been produced 
intermittently for more than 100 years. One of the 
principal early domestic sources of cobalt production 
was the Gap nickel mine, Lancaster County, Pa. 
Joseph Wharton operated the mine until 1893 and 
smelted the ore containing nickel, copper, and 0.1 
percent cobalt, at the Camden Nickel Works. Records 
indicate that a total of 143,499 pounds of cobalt oxide 
was produced from 1869 to 1893. Wharton’s process 
for commercially recovering small amounts of cobalt 
from mixed sulfide ores in the mafic rocks served as 
a basis for some modern technology used in Canada 
and Europe. In the lead district of southeast Mis- 
souri, the Mine La Motte and Fredericktown areas 
also have been leading producers of cobalt—at least 
5.2 million pounds from 1844 to 1961. The Madison 
mine, near Fredericktown, produced 2.8 million 
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pounds of cobalt for the national stockpile of stra- 
tegic minerals. from 1954 to 1961 (Cornwall and 
Vhay, 1967, p. 70). 

About 400,000—600,000 pounds of cobalt is pro- 
duced annually from pyrite as a byproduct of mining 
magnetite at Cornwall, Pa. (Andrews, 1962, p. 161). 
The mineral production from Cornwall and the 
Grace mine, near Morgantown, Pa., is now virtually 
the only primary source of domestic cobalt. 

Small amounts of cobalt were produced from the 
veins of the Blackbird district, Idaho, during World 
War I, and about 14 million pounds was produced 
from 1951 to 1959, when the mines closed. The mines 
were still inactive in 1972. According to Andrews 
(1962, p. 162), the Magnesia Talc Co., at Burlington, 
Vt., has produced concentrates containing cobalt and 
nickel as a product in the froth flotation of talc. Not 
much information is available, but the concentrates 
are believed to contain 0.015 percent cobalt and 0.2 
percent nickel. 

Small production of cobalt has been reported from 
other places in earlier times—near Chatham, Conn., 
the Goodsprings and Table Mountain districts, Ne- 
vada, and the Quartzburg district, Oregon. 

The production of cobalt from laterite ores has 
been small during the past few decades, but these 
deposits, which can be mined at relatively low cost 
by open-pit methods, are destined to become increas- 
ingly important. The cobaltiferous laterite, or asbo- 
lane, deposits of New Caledonia intermittently have 
been the leading world producers of cobalt. Although 
production from this source has been insignificant 
since 1911, the total cobalt reserves are estimated to 
be large and readily available for renewed produc- 
tion. In more recent years, chiefly since the begin- 
ning of World War II, cobalt has been recovered 
from laterite ores in Cuba. It is believed that with 
proper economic incentives this production can be 
increased substantially. Similar large deposits occur 
in the Philippines, Indonesia, the U.S.S.R., Western 
United States, Guatemala, and many other countries. 

The history of cobalt production clearly indicates 
that large ore deposits containing some small 
amounts of cobalt are widespread in the world, but 
virtually none are workable for cobalt content alone. 
The current utilization of the world’s cobalt is pri- 
marily a matter of economics and technology, and 
not a question of geologic availability. 

Mining, smelting, and other environmental con- 
siderations in the production of cobalt are identical 
with those considered in the chapters of this volume 
dealing with iron, copper, and nickel. 
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GEOLOGIC ENVIRONMENT 
GEOCHEMISTRY 


Cobalt (atomic number, 27; atomic weight, 58.93) 
is a metallic element whose abundance in the earth’s 
crust is estimated to be about 20 ppm (parts per 
million). It is a simple element consisting in terres- 
trial materials almost exclusively of the single stable 
nuclide Co®* except for minor traces of fission-pro- 
duced and cosmic-ray-produced Co® (Rankama, 
1963, p. 393-394). In addition, nine radioisotopes of 
mass numbers 54-58 inclusive, and 60, 61, 62, and 
64, have been made artificially, of which Co® is a 
highly important source of radioactivity (Rankama, 
1963, p. 393). The ionic radius of cobalt in sixfold 
coordination is 0.72A for Co?+ and 0.68A for Cot, 
closely similar to the ionic radii of Mg?+, Mn‘t, 
Fe?+, Fe?+, Ni?+, and possibly Zn?+, with all of 
which it is commonly associated in nature. 

The principal concentrations of cobalt are found 
in mafic and ultramafic igneous rocks. As shown in 
table 30, the cobalt content progressively decreases 


TABLE 30.—Average cobalt content of igneous rocks 
[Compiled by J. S. Vhay] 


Rock type 
(listed in order of Co Ni Ni/Co 
increasing differentiation) (ppm) (ppm) 
Ultramafic rocks _--_-------- 270 1,900 7 
Gabbrowee ee ee ee 51 133 2.6 
Basaltge--]*—— = be ates) 41 102 2.5 
Diabase qe. Se ee 31 65 2.3 
Intermediate igneous rocks -- 14 27 148) 
Felsic!-rocks|pee See 5 5.7 ett 


in a differentiation series from ultramafic to acidic 
rocks. The ratio of nickel to cobalt also decreases 
during differentiation, chiefly because cobalt enters 
the lattice of early crystallizing magnesium silicates 
less readily than nickel, which has an ionic radius 
closer to magnesium. 

The concentrations of cobalt in sedimentary rocks 
are not well known, in part because of the past diffi- 
culty in analysis for the small amounts present in 
most types of rock. Average figures from a variety 
of sources indicate about 4 ppm Co in sandstone, 
6 ppm in carbonate rocks, and about 40 ppm for 
shale, clay, mudstone, and siltstone. Few analyses of 
cobalt in iron-rich sedimentary rocks are available; 
however, Krauskopf (1955) indicated a range of 
20-300 ppm. The cobalt content of phosphorite is 
reported between 2 and 50 ppm (Krauskopf, 1955). 
Somewhat higher concentrations are reported in 
sedimentary deposits that are rich in organic car- 
bon. As much as 500 ppm cobalt has been reported 
in ashed carbonaceous shale, 148 ppm in ashed coal, 
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490-3, 280 ppm in ashed petroleum (Krayushkin and 
others, 1964), and as much as 90,000 ppm, or 9 per- 
cent, in ashed asphalt. 

During the formation of metamorphic rocks, ap- 
parently little movement and concentration of cobalt 
takes place. Thus, the cobalt content of different 
metamorphic rocks depends almost entirely on the 
amount of cobalt in the original igneous or sedimen- 
tary rock source. Metamorphic rocks derived from 
ultramafic and mafic rocks average about 100 ppm 
Co; in contrast, gneissic granite contains only 16 
ppm Co, and metasedimentary rocks average about 8 
ppm. An exception to the general stability of cobalt 
during metamorphism is involved with the proposed 
origin of the sulfide deposits at Thompson, Manitoba, 
described briefly in a subsequent section. 

Under oxidizing conditions, cobalt displays a 
strong tendency to concentrate with manganese 
(Rankama and Sahama, 1950, p. 650; Goldschmidt, 
1954, p. 627, 632-642; Mason, 1958, p. 174; Gold- 
berg, 1954; and Krauskopf, 1955). Mero (1965), 
describing the widespread occurrence of manganese 
nodules on the bottom of the Pacific Ocean, pointed 
out that MnO, precipitates as submicroscopic col- 
loidal particles that ‘“‘scavenge” any nickel, copper, 
cobalt, zinc, and molybdenum in the water. Cobalt is 
also abundant in residual soils derived from the deep 
weathering of manganiferous sedimentary rocks in 
a number of areas, particularly in the Eastern 
United States. 

The concentration of cobalt, particularly with 
manganese oxides, and the separation of cobalt from 
nickel are especially pronounced in laterite deposits 
that occur over deeply weathered mafic and ultra- 
mafic rocks in tropical areas where rainfall is abun- 
dant (Engineering and Mining Journal, 1968). Dur- 
ing the weathering process, magnesia and silica are 
leached downward or are removed. Nickel also mi- 
grates downward, whereas iron, manganese, cobalt, 
and alumina are residually enriched near the sur- 
face (Banning and others, 1962; Hotz, 1961; McMil- 
lan and Davis, 1955; and Pecora, 1944). In New 
Caledonia, the cobalt occurs in nodules, lenses, and 
small veins of cobaltiferous wad, or asbolane, com- 
monly in a matrix of red iron-rich clay that does not 
contain appreciable nickel (Andrews, 1962, p. 187). 
In Cuba, both nickel and cobalt commonly occur in 
the same ore bodies. 


COBALT MINERALS 


Cobalt is a major or important constituent of ap- 
proximately 70 minerals (Andrews, 1962, p. 6-12), 
and is a minor or trace constituent of several hun- 
dred more, particularly those containing Ni, Fe?+, 


or Mn‘+ (Fleischer, 1955). Minerals that are rela- 
tively high in cobalt and have been mined or con- 
centrated for their cobalt content are listed in table 
31. In addition, 27 cobalt sulfides, selenides, sulfo- 


TABLE 31.—Cobalt minerals 


Mineral Percent cobalt 
Minnaeltes Coss 58.0 (theoretical) 
Siegenite, (Co,Ni)sS, _-_-_-__________ 20.4—26.0 
Carrollite, (CO.Cu)S, _-___-_________ 35.2-36.0 
Cobaltite, (Co,Fe) AsS ______________ 26.0—32.4 
Safflorite, CO,Fe) As: ___________-____ 13.0-18.6 
Glaucodot, (Co,Fe)AsS ___-_________ 12.0-31.6 
Skutterudite, (Co,Fe) As; __-_________ 10.9-20.9 
Heterogenite, CoO(OH) _____________ 64.1 (theoretical) 
“Asbolite,” (Manganese oxides + Co)- .5-5.0 
Erythrite, (Co,Ni)3(AsO,).°8H.O ____18.7—26.3 
Gersdorffite, (Ni,Co) AsS ____________ (low) 
Pyrrhotite, (Fe,Ni,Co).:S: ~--_______ 1.00 (maximum) 
Pentlandite, (Fe,Ni,Co).S, _-_________ 1.50 (maximum) 
Pyrite, (Fe,Ni1,Co)iS2 ------__________ 13.00 (maximum 
Sphalerite, Zn(Co)S _______ _-. .380 (maximum) 
Arsenopyrite, Fe(Co) AsS ___________ .88 (maximum) 
Manganese oxide minerals ___________ .10-1.00 (or more) 


salts, and hydrated sulfates and arsenates contain 
relatively large amounts of cobalt, but are generally 
of such rare occurrence as to have no commercial 
importance. (See Fleischer, 1955; Fryklund and 
Fletcher, 1956; and Burnham, 1959.) 


TYPES OF DEPOSITS 

Cobalt is recovered from mineral deposits both as 
a principal product and as a byproduct. Most of the 
world’s supply of cobalt reaches the market as a by- 
product of mining copper, nickel, and silver ores; 
smaller amounts are byproducts of iron, chromium, 
lead, zinc, uranium, and manganese. In this discus- 
sion of cobalt deposits, the geology will be empha- 
sized, but the geologic features of specific cobalt 
deposits will be reviewed only briefly. Further infor- 
mation and references to many deposits are avail- 
able in works by Vhay (1952), Andrews (1962), and 
Cornwall (1966), and in other chapters in this vol- 
ume about commodities with which cobalt is 
associated. 

Cobalt deposits may be classified geologically ac- 
cording to their environment of genesis or occur- 
rence: (1) hypogene deposits associated with mafic 
intrusive igneous rocks; (2) contact metamorphic 
deposits also associated with mafic rocks; (3) later- 
itic (weathered) deposits; (4) massive sulfide 
deposits in metamorphic rocks, chiefly of volcano- 
sedimentary origin; (5) hydrothermal deposits of 
several varieties; (6) strata-bound deposits; and (7) 
deposits formed as chemical precipitates. 


HYPOGENE DEPOSITS ASSOCIATED WITH MAFIC 
INTRUSIVE IGNEOUS ROCKS 


Commercial bodies of massive and disseminated 
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iron-nickel-copper sulfides containing cobalt are an 
important type of hypogene deposit associated with 
intrusive mafic igneous rocks. Large typical deposits 
of this kind occur in the famous Sudbury district of 
Ontario, where the ore has an average cobalt content 
of 0.07 percent (Andrews, 1962, p. 93). The suite of 
ore minerals consists of pyrrhotite, pentlandite, py- 
rite, marcasite, magnetite, cobaltite, and gersdorf- 
fite in pods, lenses, veins, stringers, and disseminated 
grains in a layered sequence of norite, quartz dior- 
ite, micropegmatite, and rocks of transitional compo- 
sition and texture. The igneous host rocks of Precam- 
brian age occur in an elliptical basin about 37 miles 
long and 17 miles wide. The ore deposits are large: 
A decade ago Andrews (1962, p. 93) reported proved 
reserves of more than 250 million tons of ore. The 
origin of these and similar deposits elsewhere in the 
world is complex and hotly debated. Cornwall (1966, 
p. 27-29) reviewed the hypotheses of origin ranging 
from segregation by differentiation in situ to hydro- 
thermal deposition, and even to impact by meteorite. 
(See “Nickel.”) More recently, Cheney and Lange 
(1967) have offered a summary of a process of sul- 
furization as an explanation of the origin of the Sud- 
bury-type deposits of nickel and cobalt. 

Deposits of the Sudbury type, however, are not 
restricted to Canada. Indeed, similar deposits are 
known in the United States, and some have been 
known for a long time. The Gap nickel mine, Lan- 
caster County, Pa., is in the base of a metamorphosed 
gabbroic intrusive body. The ore is nickel-copper 
sulfide minerals that contain 0.1—0.3 percent cobalt. 
An estimated 1 million tons of ore remains at the old 
mine. Large deposits of this type also occur near 
Union, Maine, and in the keel of the Moxie Lake— 
Moosehead Lake gabbro body (Young, 1968, p. 129, 
1384). The huge deposits of the Katahdin Iron Works 
area are in gabbro and norite where the cobalt con- 
tent of much mineralized rock is 0.05-0.1 percent. 
Samples from several bodies of mafic rock in the 
Calais area, Maine, indicate a cobalt content of 0.1 
percent. 

Cobalt is associated with pyrrhotite deposits in 
mafic rocks in Connecticut, at West Torrington and 
in the Mount Prospect area near Litchfield (Camer- 
on, 19438), and in Massachusetts, at Dracut (Dennen, 
1943). At the Phillips mine and vicinity near Peek- 
skill, N.Y., gabbro of Precambrian age has mineral- 


ized rock that contains 0.003—0.24 percent cobalt.. 


Other deposits of this type are reported in Washing- 
ton, Oregon, and California. 

Huge concentrations of copper-nickel sulfides oc- 
cur in the lower part of the Duluth Gabbro Complex 
southeast of Ely, Minn. Samples from three drill 


147 


cores contain 0.038 percent cobalt, 0.39 percent cop- 
per, and 0.14 percent nickel (Grosh and others, 
1955). It is now estimated that about 14 billion tons 
of rock containing 0.25 percent total copper and 
nickel occur in a southwest trend 35 miles long (P. 
K. Sims, Director, Minnesota Geol. Survey, written 
commun., Sept. 22, 1972). No cobalt values are avail- 
able for the large tonnage reported, but if the entire 
deposit contains an average of 0.01 percent cobalt— 
one-fourth of that reported in 1955—then about 3 
billion pounds of cobalt would be available. Current 
knowledge of these deposits suggests that identified 
resources of 1 billion pounds of cobalt are a conserva- 
tive estimate. 

The mafic rocks of the Stillwater Complex in Mon- 
tana contain some bodies of a few million tons rich 
in nickeliferous sulfides (Cornwall, 1966, p. 45-46) 
that also contain small amounts of cobalt. 

Other cobaltiferous ores in large deposits are as- 
sociated with mafic igneous rocks and metamorphic 
rocks in the Lynn Lake and Thompson—Moak Lake 
area, Manitoba. The deposits in the Thompson—Moak 
Lake area are of especial geologic interest because 
the nickel and cobalt probably were derived from 
peridotite and serpentine when they were metamor- 
phosed at a temperature of at least 600°C to rocks 
of the garnet-amphibolite assemblage. Evidence sug- 
gests that sulfur was available in the hydrothermal 
solutions which deposited the mobilized nickel and 
cobalt in sulfide minerals, as first suggested by 
Michener (1957). If this process does indeed pro- 
duce deposits of this type, peridotite bodies through- 
out the world could have valuable nickel-cobalt 
deposits if the bodies were sufficiently metamor- 
phosed in an environment that had sulfur available. 
(See “Nickel” ; also Cornwall, 1966, p. 20-23.) 


CONTACT METAMORPHIC DEPOSITS 


Deposits of magnetite, chalcopyrite, and cobalti- 
ferous pyrite formed by contact metamorphism of 
carbonate rock by sills and dikes of diabase comprise 
an important type of cobalt deposit in the United 
States. Typical deposits are near Cornwall, Lebanon 
County, and Morgantown (the Grace mine), Berks 
County, Pa. These and many other deposits occur in 
the Triassic basin, an area about 75 miles long and 
5-20 miles wide in southeastern Pennsylvania. At 
Cornwall, a discordant saucer-shaped body of dia- 
base of Triassic age has silicated and mineralized ad- 
jacent carbonate rocks of Cambrian age. Recent 
descriptions of these commercially valuable iron 
deposits at Cornwall (Lapham, 1968) and Morgan- 
town (Sims, 1968) indicate that the mine-run ore 
contains 0.02—0.056 percent cobalt, most of which is 
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concentrated in a pyrite-rich separate that contains 
0.68-1.4 percent cobalt. About 75 percent of this 
cobalt is recovered and these mines are currently the 
major domestic source of cobalt. Some gold (1,700 oz 
in 1953) and silver also have been recovered from 
the pyrite concentrate at the Cornwall mine (Lap- 
ham, 1968, p. 79). The deposits in this region are 
large: The Cornwall mine alone has yielded nearly 
100 million tons of ore since 1742. 


LATERITIC DEPOSITS 


Laterite, a mantle of internally weathered soil 
from a few feet to more than 100 feet thick, is 
formed over large areas of low relief during long 
periods of intense weathering and erosion, chiefly in 
humid subtropical to tropical climates. The weather- 
ing of peridotite and serpentine bodies generally 
yields a laterite rich in iron, nickel, cobalt, and 
chromium. The lateritic deposits commonly underlie 
many hundreds to many thousands of acres, and 
individual deposits may contain millions of tons of 
ore. Commercially valuable deposits contain 40-50 
percent iron, 1—2 percent nickel, and 0.01—-0.1 per- 
cent cobalt. Although the cobalt content of laterites 
is only one-tenth to one-fourteenth the nickel con- 
tent, the cobalt can be recovered by chemical 
processing. 

Cobaltiferous laterite deposits, many of Tertiary 
age, are scattered over the world, and resources in- 
clude billions of tons of ore. Lateritic ores in the 
United States occur chiefly in California, Oregon, 
and Washington, and probably to a lesser extent in 
North Carolina. One of the largest deposits, near 
Riddle, Oreg., has reserves of 16 million tons of ore 
containing 0.05 percent cobalt (Vhay, 1969, p. 120). 
Smaller deposits containing 0.16 percent cobalt occur 
in the Webster district, North Carolina (Cornwall 
and others, 1968, p. 325). 

Major lateritic iron-nickel deposits of the world 
occur in eastern Cuba where more than 2 billion 
pounds of cobalt occur in ore with an average con- 
tent of 0.1 percent cobalt, 1.39 percent nickel, 2.75 
percent chromium, and 38 percent iron (McMillan 
and Davis, 1955; Andrews, 1962, p. 149-150; Engi- 
neering and Mining Journal, 1968, p. 74). Other 
deposits of assorted sizes also occur in New Cale- 
donia, the Solomon Islands, Indonesia, Australia, 
Philippines, Puerto Rico, Guatemala, Colombia, 
Venezuela, Brazil, U.S.S.R., Yugoslavia, Greece, and 
Malagasy Republic. 

Closely allied to lateritic deposits are those chiefly 
in the eastern and central parts of the United States 
that have been derived from the weathering of man- 
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ganiferous sedimentary rock. The deposits tend to 
be small. The cobalt content is more variable than in 
many nickeliferous laterites. The White Oak mine, 
Tennessee, contains 0.387-2.28 percent cobalt; the 
deposit at Round Mountain, Va., contains 0.12—2.24 
percent cobalt; and the deposit at Rock Run, Ala., 
contains 0.05—4.8 percent cobalt. About 300,000 
pounds of cobalt occur in deposits of this type in the 
southern Appalachian Mountains (Pierce, 1944, p. 
270; Cornwall and others, 1968, p. 375). Manganese 
deposits of this type in Missouri contain over 1 mil- 
lion tons of ore in grade of 20 percent manganese 
and 0.5 percent cobalt at the contact of the Eminence 
and Gasconade Dolomites (Grawe, 1948). Cobalt 
also occurs in the manganese deposits of the Bates- 
ville district, Arkansas (Vhay, 1952). 

Pierce (1944, p. 268) reported that the greatest 
cobalt concentrations in the manganese deposits of 
the southeastern States occur in those deposits con- 
taining the lowest concentrations of manganese. Ex- 
perimental work has been done by the U.S. Bureau 
of Mines on chemically treating these manganese 
ores. When such beneficiation does become economi- 
cally feasible, some cobalt and other metals present 
in small amounts can be recovered. 


MASSIVE SULFIDE DEPOSITS IN METAMORPHIC ROCKS 


Deposits of massive sulfides consisting chiefly of 
pyrite and pyrrhotite (some containing small 
amounts of cobalt) occur in metamorphic rocks. The 
host rocks commonly have andesitic composition and 
are probably of volcano-sedimentary origin. (See 
“Copper.”) These deposits generally are mined for 
their content of sulfur, iron, copper, and smaller 
amounts of zinc, nickel, and cobalt. 

Large massive sulfide deposits occur in the Blue 
Ridge and Piedmont provinces of the southeastern 
United States (Laurence, 1968, p. 162-164). The 
largest and best known of these deposits occur at 
Ducktown, Tenn. (Magee, 1968), where pyrite that 
contains 0.4—0.5 percent cobalt is reported by Corn- 
wall, Vhay, and Frendzel (1968, p. 875). The cobalt 
currently is not recovered. The deposit at Sykesville, 
Md., contains base metals and some gold; the aver- 
age content of cobalt is 0.07 percent (Heyl and 
Pearre, 1965). The en echelon bodies of primary 
pyrrhotite, chalcopyrite, and sphalerite along the 
20-mile trend of the Gossan Lead, Carrol and Gray- 
son Counties, Va., contain about 0.01 percent cobalt. 
At least 16 other deposits believed to be of the Duck- 
town type have been mined or explored from Carroll 
County, Md., southward to Randolph County, Ala., 
according to Laurence (1968, p. 164). 


COBALT 


HYDROTHERMAL DEPOSITS 


Hydrothermal deposits (formed from heated solu- 
tions) locally have been important sources of cobalt, 
and some of them are the only deposits mined chiefly 
for this metal. The hydrothermal deposits may be 
subdivided into two major classes: (1) vein de- 
posits, and (2) replacement deposits. 

In the United States, the vein deposits of the 
Blackbird district, Idaho, contain 1.6 percent copper, 
0.6 percent cobalt, and lesser amounts of nickel and 
precious metals (Vhay, 1964, p. 68). The aggregate 
tonnage of the ore in the district was reported in 
1959 to contain 15 million to as much as 225 million 
pounds of cobalt (Bilbrey, 1962, p. 27), equivalent 
to hypothetical resources in the classification of this 
report. In the Goodsprings district, Nevada, hetero- 
genite forms envelopes around bodies of copper min- 
erals. Large amounts of rock in many small bodies 
contain 0.3—0.5 percent cobalt (Vhay, 1952). Some 
cobalt occurs in the base metal veins of the Coeur 
d’Alene district, Idaho. Veins containing uranium, 
zine, silver, nickel, and cobalt (0.09 percent) occur 
in the Blackhawk district, New Mexico (Gillerman 
and Whitebread, 1956). Several thousands of tons 
of cobaltian manganese ores (0.01—0.5 percent co- 
balt) occur in the Luis Lopez hot springs deposits, 
New Mexico. In Connecticut, veins with cobalt occur 
at Great Hill; and at the Booth mine, north of 
Bridgeport, at least two bodies of pyrrhotite contain 
0.01 percent cobalt. 

In Canada, veins that contain as much as 10 per- 
cent cobalt occur in the great silver-arsenide deposits 
of the Cobalt-Gowganda region, Ontario (Berry, 
1971). Cobalt occurs with uranium in ore now pro- 
duced in the Northwest Territories (Andrews, 1962, 
p. 99). 

Many veins containing an average of 1.2 percent 
cobalt with nickel, iron, and silver occur in the Bou 
Azzer area, Morocco, near the contact of serpentinite 
and diorite with granite and mica schist of Precam- 
brian age (Orcel and Jouravsky, 1936). 

Hydrothermal replacement deposits containing 
cobalt minerals occur in the Bawdwin mine, Burma. 
The ore body consists of silver, lead, and zinc min- 
erals that have replaced greatly sheared rhyolitic 
tuffs that are overlain and underlain by sedimentary 
rocks. The cobalt occurs in gersdorffite. The ore has 
an average grade of 0.5 percent cobalt, but during 
smelting of the ore the cobalt content is increased to 
3—4 percent in the nickel speiss (Sharma, 1944). At 
Outokumpu, Finland, large reserves in a copper-rich 
sulfide deposit contain 0.2 percent cobalt, chiefly in 
the mineral linnaeite. The ore minerals replace 
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quartzite, serpentinite, and other rocks of the Kare- 
lian schist (Vahatolo, 1953). 

An extensive shear zone has been mineralized by 
small amounts of pyrite and sphalerite for at least 
15-20 miles along the east foot of Catoctin Mountain, 
Va. Surface samples from about a half dozen locali- 
ties along the strike suggest that although the grade 
of sulfide minerals is low, the distribution of the 
minerals is uniform. The cobalt content is 0.007— 
0.05 percent. 

The geologic features of deposits of the Mississippi 
Valley type have been summarized recently by Sny- 
der (1968, p. 277-284). The deposits occur chiefly 
in carbonate rocks of Cambrian to Pennsylvanian 
age on the flanks of broad domes. The ore consists 
mostly of sulfides of lead, zinc, iron, and copper. Sul- 
fides of cobalt and nickel occur in a few districts. 
Fluorite and barite are major minerals in some dis- 
tricts, and minor in others. Cadmium, silver, ger- 
manium, and arsenic also are reported in some dis- 
tricts. All these ore materials probably were de- 
posited from hydrothermal brines at temperatures 
not over 125°C. 

The cobalt and nickel content of the Mississippi 
Valley ores is of particular interest because of the 
records of past production. At the south end of the 
old lead belt, especially in the Fredericktown and 
Mine La Motte areas of southeast Missouri, cobalt 
and nickel sulfides (siegenite, millerite, bravoite, and 
several unidentified minerals) associated with chal- 
copyrite and sphalerite locally were abundant, es- 
pecially in places where the mineralized dolomite of 
the Bonneterre Dolomite pinches out against the 
Precambrian rocks in the core of the St. Francois 
Mountains (Kline and others, 1961). Siegenite-rich 
ores were the source of the cobalt produced in the 
southeastern part of the old lead belt in the early 
days of mining, as well as from 1944 to 1961. 

The metal ratios in the ore of the Bonneterre—Flat 
River areas in the northern part of the old lead belt 
were estimated by Snyder and Gerdemann (1968, p. 
349). The data indicated that cobalt and nickel were, 
respectively, 20 and 40 times more abundant than 
silver, but only the silver was recovered. Nearly all 
the 300,000 Troy ounces of silver produced in Mis- 
souri in 1965 came from the Bonneterre—Flat River 
area of the southeast district (Kiilsgaard, 1967, p. 
ial) 

Cobalt and nickel sulfides associated with chalcopy- 
rite and sphalerite are locally abundant in the lead 
deposits of the Viburnum Trend now in production 
on the west side of the St. Francois Mountains. These 
deposits also occur in the Bonneterre Dolomite in a 
belt about 27 miles long and have an average min- 
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able thickness of 20 feet (Snyder and Gerdemann, 
1968, p. 334). The belt contains about 500 million 
tons of ore, if the average width of the minable zone 
is at least 150 feet (Gerdemann and Myers, 1972, p. 
429). If the cobalt content of the raw ore is only 0.01 
percent cobalt, the belt contains a resource of about 
100 million pounds of cobalt. 

Cobalt also occurs in the Wisconsin zinc district 
that includes adjacent parts of Illinois and Iowa. 
These ores, also of the Mississippi Valley type, in- 
clude several cobalt minerals associated with pyrite, 
sphalerite, and some galena and chalcopyrite. 


STRATA-BOUND DEPOSITS 

Strata-bound deposits show pronounced strati- 
graphic localization in rocks of many different ages. 
One metal typically dominates, generally copper, 
lead, or zine, and it is accompanied by lesser amounts 
of nickel, cobalt, silver, cadmium, and other ele- 
ments. The great copper-cobalt deposits of Zaire- 
Zambia are of this type; they occur in folded shale 
and dolomite that contain chalcopyrite, bornite, chal- 
cocite, and a wide variety of other minerals, includ- 
ing linnaeite, carrollite, and others that contain 
cobalt. The ore bed, 20-80 feet thick, contains an 
average of 3.5 percent copper, but some ore contains 
2 percent copper and 2 percent cobalt. These deposits 
currently are the world’s major source of cobalt 
(Robert, 1956). 

The copper-rich shales in the Kupferschiefer of 
central Europe formerly produced cobalt (Andrews, 
1962, p. 123). The cobalt, copper, lead, zinc, and 
silver in this stratigraphic unit is a large resource 
that currently is mostly of subeconomic value. 


CHEMICAL PRECIPITATES 

Chemically precipitated cobalt is associated with 
the manganese nodules on the sea floor. Mero (1965, 
p. 235) estimated that such nodules in the Pacific 
Ocean, containing an average of 0.35 percent cobalt, 
are a resource of 5.8 billion tons of cobalt. Copper, 
nickel, and cobalt occur together in an average ratio 
of 3:4:1. Thus, cobalt produced from this source 
also would be a byproduct. (See also McKelvey and 
Wang, 1969.) 


RESOURCES 


The cobalt resources tabulated and discussed in 
this section have been selectively compiled from 
various published sources. Resources outside the 
United States were compiled only from the most 
readily available published data. Many of the details 
in the comprehensive compilations of world re- 
sources of cobalt by Vhay (1952) and Andrews 
(1962) have not been repeated here. 


UNITED STATES MINERAL RESOURCES 


The totals of resources include materials contain- 
ing 0.01 percent or more cobalt and are expressed in 
millions of pounds of cobalt. Resources of this grade 
already have yielded some commercial cobalt. 


IDENTIFIED RESOURCES 


The identified resources of cobalt in the United 
States are summarized in table 32. Most of the cobalt 
resources of the United States potentially are avail- 
able only as byproducts of mining for the more abun- 
dant elements in the ores. The small production of 


TABLE 32.—Identified resources’ of cobalt in the 
United States 


[+ =} some identified resources] 
Cobalt 
State (millions Remarks 
of pounds) 

Alaska so See 125 Brady Glacier and other de- 
posits (MacKevett and 
others, 1971). 

Arkansas ~--_---- + Batesville manganese district. 

California ~_-_--- 25 Chiefly laterite deposits 
(Hotz, 1966, p. 283). 

IGEI®, So5-6555655 50 Blackbird (Bilbrey, 1962, p. 
27) and Coeur d’Alene dis- 
tricts (Vhay, 1964, p. 8). 

Maine™ 2225222022 130 Union and other deposits 
(Young, 1968), Katahdin 
Iron Works. 

Minnesota _-_-_-- 1,000 Sulfide deposits in gabbro, Ely 
area (Grosh and others, 
1955). 

MISSOun = eee 150 Southeast Missouri district 
(Kline and others, 1961), 
Viburnum Trend (Gerde- 
mann and Myers, 1972). 

Montana + Stillwater Complex, with 
chromium. 

INevadaa ee = Goodsprings district. 

New Mexico _____ 6 Blackhawk (Weber, 1965, p. 
207-209) and other dis- 
tricts. 

North Carolina __ 3 Chiefly laterite in the Webster 


district (Cornwall and 
others, 1968, p. 375). 

34 Chiefly laterite (Vhay, 1969, 
p. 116-120; Cornwall, 1966). 

Contact metamorphic de- 
posits in southeast region 
(Andrews, 1962, p. 161; 
Cornwall and others, 1968, 
p. 875). 

Ducktown district (Magee, 
1968, p. 234). 

Byproduct of tale operations 
(Andrews, 1962, p. 162; 
Vhay, 1952). 

Piedmont region; gossan lead 
and also includes Sykesville 
district, Carroll County, Md. 

20 Chiefly lateritic ores (Vhay, 
1966, p. 116-125). 

Upper Mississippi Valley 
district, includes adjacent 
parts of Illinois and Iowa. 


Oregon 


Pennsylvania ____ 66 


Virginia 


Washington 


Wisconsin 


Total 1,684 


1 Identified resources: Specific, identified mineral deposits that may or 
May not be evaluated as to extent and grade, and whose contained 
minerals may or may not be profitably recoverable with existing tech- 
nology and economic conditions. 


COBALT 


primary cobalt in the United States is more a func- 
tion of economics and technological problems than 
the lack of ore deposits containing cobalt. 

The most thoroughly evaluated deposits of cobalt 
in the United States contain more than 1.6 billion 
pounds of cobalt. That amount may soon be increased 
as the full potential of the great copper-nickel de- 
posits in the Ely area, Minnesota, is evaluated. 
Although the ores might be considered marginal, 
technology is available to recover metal from this 
type of deposit. Development work has begun, and 
cobalt from these deposits may well reach the mar- 
ket before that from previously known deposits. 


The mixed sulfide ores of the Mississippi Valley 
type are undoubtedly one of the great resources of 
cobalt and nickel in the United States. Reserves in 
the Madison mine, near Fredericktown, Mo., were 
estimated to contain another 14 million pounds of 
cobalt in 4.5 million tons of ore containing 0.16- 
0.18 percent cobalt (Kline and others, 1961). Most 
of these reserves and many other tons of cobalt re- 
sources on the east side of the St. Francois Moun- 
tains remain in the ground because old mining prac- 
tices required that much of the ore with the highest 
cobalt content be left because of subsequent benefi- 
ciation and smelting problems. In 1949, it was 
estimated that 600,000 pounds of cobalt was lost 
annually from the lead ore processed in the district 
(Vhay, 1952, p. 45). By October 1972, all mining 
operations in the old lead belt on the entire east side 
of the St. Francois Mountains had ceased. 

The world’s identified resources of cobalt (table 
33) are largely in the lateritic ores of the tropical 
regions. Production of nickel from laterite is ex- 
pected to double by 1980, making additional supplies 
of cobalt increasingly available from this source 
(Engineering and Mining Journal, 1968, p. 73). It 
is clear, however, that large amounts of cobalt will 
continue to become available from other types of 
deposits, especially the sulfide deposits associated 
with mafic igneous rocks, as at Sudbury, Ont., and 
in the Ely area, Minnesota, and the strata-bound 
deposits of central Africa. 

The minable reserves in the Bou Azzer area, Mo- 
rocco, are now reported to be so small that mining 
may soon end (DeHuff, 1971, p. 401). 

Not included in the world’s total of cobalt re- 
sources in table 33 are those in the less conventional 
and less well evaluated deposits of manganese nod- 
ules on the sea floor. Mero (1965, p. 235) estimated 
that the manganese nodules in the Pacific Ocean 
alone contain 5.8 billion tons (11.6 trillion pounds) 
of cobalt. 
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TABLE 33.—Identified resources’ of cobalt in the world 
[+ = additional identified resources] 
Cobalt 
Country (millions of pounds) 

Australia) 22222 3s seek 650 

Brazil ess ee eee 20+ 
Burma ss] 2_ 8 2 eee aaa sees 35 
Canada 550 
50 
2,312 
196 
50 
100 
6 
15 
New Caledonia ----_-_--_---------- 850 
New Guinea—Indonesia -__--_-_--_-_- 40 
Philippines) 22) = Seer eee eee eee 350 
BuertopRicoweo-- sae = a 150 
Solomonsislandge===2=———=——- == Be 

1,684 
400 
132 
VAENBT, coe te ay ee 1,500 

ZiATiN aie ee eee ree a ee 6 

Total ise se eee A BE 2 9,924 


1 Identified resources: Specific, identified mineral deposits that may or 
may not be evaluated as to extent and grade, and whose contained 
minerals may or may not be profitably recoverable with existing tech- 
nology and economic conditions. 


HYPOTHETICAL RESOURCES 


The world’s hypothetical resources of cobalt are 
very large. Just as with the identified deposits, few 
of these deposits will be rich enough to mine for 
cobalt alone. Most of the world’s future supplies of 
cobalt will reach the market as byproducts of other 
associated metals in greater demand, chiefly nickel, 
copper, iron, chromium, lead, zinc, precious metals, 
uranium, and manganese. 

Hypothetical resources of cobalt in the United 
States probably amount to billions of pounds. Most 
of these resources are in various types of sulfide ore 
bodies. 

Large resources already are postulated for the 
partly evaluated deposits in the gabbro near Ely, 
Minn. If the cobalt content of 0.038 percent (Grosh 
and others, 1955) is indicative of the grade of large 
volumes of rocks, then as much as 12 billion pounds 
of cobalt may be in these deposits. 

The region around the Gap mine, Lancaster Coun- 
ty, Pa., probably has not been prospected. The ore 
body at the Gap mine lies at the extreme west edge 
of an intrusive mafic complex containing an anortho- 
sitic core centered in the Coatesville area. Possibili- 
ties surely are favorable for the discovery of more 
deposits like the one at the Gap mine. 

Possibilities for the discovery of more bodies of 
ore in Alaska similar to those already identified 
should be excellent. Other plutons containing nickel- 
cobalt-copper deposits may be found near some of 


152 


those already mentioned in the New England States. 

Additional bodies of cobalt minerals associated 
with iron ore of contact metamorphic origin, such as 
those at Cornwall, Pa., probably lie hidden in south- 
eastern Pennsylvania. Perhaps as many as two dozen 
bodies might occur at depth at the sites of magnetic 
anomalies in the region. The discovery of the hidden 
body that is now the Grace mine was facilitated by 
such data. 

The chances for finding more massive sulfide 
bodies of the Ducktown type seem good all through 
the Appalachian region, especially in the southern 
Piedmont and Blue Ridge provinces. 

Possibilities for the discovery of more ores of the 
Mississippi Valley type are good. The chances of 
such ore containing some cobalt and nickel seem 
favorable, because the ore already known in the mid- 
continental United States forms one of the world’s 
great concentrations of metal sulfides, including 
cobalt and nickel, and two such cobalt-bearing dis- 
tricts, widely spaced, are known. Large deposits may 
still be found in extensions of known districts. The 
lead deposits of northern Arkansas might contain 
cobalt, especially indicated by the local bodies rich 
in pyrite. The known ore deposits may be the ex- 
posed parts of zoned districts in which the cobalt- 
rich parts are still hidden beneath barren caprocks. 

Large new deposits of laterite probably will not be 
found in the United States. In many tropical areas of 
the world, however, substantially large hypothetical 
(and speculative) resources will likely be found, 
especially in some of the more remote regions. 

More areas of sea bottom containing manganese 
nodules will be found and evaluated. When practical 
techniques for mining and extracting the metals 
from the nodules have been developed, large re- 
sources of cobalt will become available. 


SPECULATIVE RESOURCES 


The foregoing discussions suggest that the specu- 
lative resources of cobalt in the United States and 
the rest of the world are large. 

Additional mafic and ultramafic rocks in the Ap- 
palachian and Cordilleran regions might be found 
containing valuable resources of cobalt. More mas- 
sive sulfide bodies might be found at greater depth 
in Precambrian rocks of the Great Lakes region. 
Cobalt in commercial quantities might occur in large 
transverse veins in the copper region of the Upper 
Michigan Peninsula. In 1902 a shipment of arsenide 
minerals from the Mohawk mine went to the Cam- 
den Nickel Works and was “treated successfully” 
for cobalt, but records show no further production 
from that area. 


UNITED STATES MINERAL RESOURCES 


Deposits of the Cornwall type may well occur 
along the edges of the diabase intrusions in the Tri- 
assic trough in Virginia, Maryland, and New Jersey. 
The Triassic region of New Jersey may well have 
more sills and lopolithic bodies at depth that are in 
contact with Paleozoic carbonate rocks that were 
most favorable for the formation of large ore de- 
posits. Replacement deposits might occur along the 
diabase contact of the Triassic trough of the Con- 
necticut Valley. 

Additional districts containing cobalt-bearing sul- 
fide ores of the Mississippi Valley type probably oc- 
cur elsewhere in the United States and in the world. 
Geologic indications of such a district are exposed in 
the cobalt-bearing veins near Rossie, N.Y., and in 
nearby southern Ontario. These deposits do not seem 
to be related to the large zinc deposits of the Balmat- 
Edwards district, New York. 

Metamorphic-hydrothermal deposits similar to 
those in the Thompson—Moak Lake district, Mani- 
toba, probably occur elsewhere in the world. The 
possibilities are excellent in the great Precambrian 
Shield areas of Canada, Africa, Australia, and Eura- 
sia for locating major ore districts of the Sudbury 
type, as has been shown by the many major dis- 
coveries since World War II. 


PROSPECTING TECHNIQUES 


Inasmuch as cobalt is produced chiefly as a by- 
product of mining other ores, relatively little direct 
exploration for cobalt deposits has been needed or 
undertaken, except during domestic national emer- 
gencies when foreign supplies were restricted or un- 
available. These exploration efforts generally have 
been directed toward careful examination of areas 
of known cobalt deposits and occurrences using con- 
ventional geologic, geophysical, and geochemical 
techniques. Pyrrhotite deposits are particularly easy 
to identify by known geophysical techniques, and 
cobalt is easy to identify with geochemical prospect- 
ing methods. Techniques for determining trace 
amounts of cobalt are well known (Almond, 1953; 
Hawkes, 1957; Ward and others, 1963; Canney and 
Nowlan, 1964; Warren and others, 1964). Cobalt is 
more mobile than copper and may be useful as a 
pathfinder for deposits of associated elements (Can- 
ney and Wing, 1966). Biogeochemical prospecting 
for cobalt holds promise (Warren and Delavault, 
1957; Tooms and Jay, 1964). 

Applications of geochemieal prospecting tech- 
niques have successfully found the extension of a 
vein in the Quartzburg district, Oregon, and out- 
lined the Blacktail ore body as well as a large halo of 
cobalt in the Blackbird district, Idaho (Canney and 
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others, 1953). Methods are reported for special use 
in glacial areas (Koehler and others, 1954), in areas 
of deep soil in the tropics (Webb, 1958; Jay, 1959; 
Tooms and Webb, 1961), and in the study of sec- 
ondary dispersion halos in the southern Ural Moun- 
tains of the U.S.S.R. (Makunina and others, 1962). 


PROBLEMS FOR RESEARCH 


Further geologic studies are needed on the miner- 
als of cobalt and their genesis. Much needs to be 
learned about the mineralogy of cobalt so that better 
commercial separations and concentrations can be 
made in order to make better use of available re- 
sources of cobalt. The mineralogy of the sulfides of 
the Mississippi Valley type in Missouri has proved 
to be more complex than formerly realized and 
should be studied further. New and better technolo- 
gy is needed for the recovery of more valuable cobalt 
(currently selling for $1.85 per pound) from ores 
containing less valuable lead, zinc, and copper be- 
cause loss of such valuable byproducts in mining, 
beneficiating, and smelting is not only a financial 
loss to the producer but, more importantly, may be 
an irretrievable loss of the material itself. A prime 
modern loss of cobalt is in the matte smelting of cop- 
per from deposits also containing lead and zinc, al- 
though techniques seem to have been available in the 
19th century to recover much of the nickel and 
cobalt in the matte. 

New technology needs to be developed to mine and 
recover cobalt and other metals from the manganese 
nodules on the sea floor. Methods developed in the 
laboratory to recover cobalt from supergene man- 
ganese oxides might be further advanced into com- 
mercial processes for cobalt recovery. 

Another economically significant economic break- 
through would be the development of processes to 
recover cobalt and nickel from silicate minerals of 
ultramafic rocks whose average composition includes 
0.027 percent cobalt and 0.19 percent nickel. Many 
cobaltiferous materials of potential commercial value 
contain less cobalt, but more nickel, than the average 
ultramafic rock. Dunite, because of its simple min- 
eralogy, seems like a good material on which to 
begin intensive research. 
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ABSTRACT OF CONCLUSIONS 

Domestic resources of stone for construction, both crushed 
and dimension stone, are adequate to provide for the ex- 
pected demand indefinitely. Resource problems exist in local- 
ities of urbanization and industrial development and will 
increase, unless careful plans are made to reserve favorable 
areas for quarrying. Geologic mapping, especially of urban 
and suburban areas, can provide basic data for such plan- 
ning. 


INTRODUCTION 


Stone is an essential mineral commodity in our 
modern industrialized society. It is especially im- 
portant in building highways and railroads, but 
also has wide use in all phases of construction. 


“Stone,’’ as a commercial term, includes all con- 
solidated rock used for construction and roads, as 
well as that used in cement manufacture, in agricul- 
ture (“aglime,” poultry grit), in chemical and metal- 
lurgical industries, and for roofing granules. For 
purposes of this chapter, only stone used for con- 
struction, monuments, and roads is considered. 
Other uses of stone are discussed in the appropriate 
chapters. 

Stone as a construction material may be further 
classified as crushed stone and dimension stone. 
Crushed stone is a term applied to rock that has 
been broken, crushed, or ground to smaller frag- 
ments after quarrying (Thrush, p. 284). Dimension 
stone is natural building stone that has been se- 
lected, trimmed, or cut to specified or indicated 
shapes or sizes (American Society for Testing and 
Materials, 1972, p. 1038). 

Desirable properties of stone for use as crushed 
stone in construction are toughness, strength, abra- 
sion resistance, low porosity and absorption, and 
absence of minerals, such as sulfides or chert which 
may deteriorate through weathering or by chemical 
reaction with certain types of cement. 

Desirable properties of dimension stone include 
those for crushed stone; in addition dimension 
stone must be free from fractures and other flaws 
so that it can be removed from the quarry in large 
blocks and then cut or shaped as desired. For most 
interior uses, dimension stone should be capable of 
taking a polish, and for both interior and exterior 
uses, the color and appearance of the exposed face 
are important characteristics. 


PRODUCTION AND USE 
According to Cooper (1970, p. 1219), 


The stone industry is the largest nonfuel, nonmetallic min- 
eral industry in the United States from the standpoint of 
total value of production and is second only to sand and 
gravel in volume produced. With exception of a few special 
varieties or qualities of dimension stone, the United States is 
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entirely self-sufficient with respect to stone requirements. 
Volumewise, imports and exports are approximately equal, 
but the value of imports, about $20 million in 1968, is ap- 
promiately double that of exports. 

Use of dimension stone began when early man 
gave up nomadic life, and it flourished when early 
civilization built cities and temples. It is still an 
important industry—598 quarries produced $95 
million worth of dimension stone in the United 
States in 1970 (Division of Nonmetallic Minerals, 
1972, p. 141)—but United States production was 
highest in the 1920’s, averaging about 4 million 
short tons annually between 1925 and 1980 (Cur- 
rier, 1960, p. 15). Following a period of small pro- 
duction in the 1930’s and early 1940’s, production 
increased after World War II from less than 1 mil- 
lion short tons to 214 million short tons in 1955, but 
has declined slightly since then. 

The crushed stone industry began in England in 
about 1815 (Severinghaus, 1960, p. 285) and ex- 
panded rapidly after the invention of the mechani- 
cal rock crusher in 1858, especially during periods 
of extensive railroad and highway building. In 
1969, more than 4,500 quarries in the United States 
produced 861 million short tons of crushed stone 
(Wood and Carrales, 1970, p. 16), with a total 
value of $114 billion. 

The recent, rapid growth of our domestic stone 
industry is shown by table 34. These figures, from 


TABLE 34.—Production of stone, United States 


[All figures are in millions] 


Dimension Crushed Total 

stone stone (rounded) 
1929=SSLonnazey eee ee 4.7 93 98 
Waluei gi S- = — = #48 = $70 $94 $164 
1939___Tonnage —__ 2.3 145 147 
Value\—2-=—— $25 $133 $158 
1949___Tonnage —__ 1.8 222 224 
Value j22=2 = $52 $289 $341 
1959===Tonnage wanes ee 2.3 145 147 
Malues=—4 = - si 22 s2s2= $25 $133 $158 
1969___Tonnage —__ 1) 861 863 
1. $99 $1,326 $1,425 
197 0So—honnager es ene 1.6 873 875 
Value #2. 2255 eS $95 $1,380 $1,475 


the U.S. Bureau of Mines Minerals Yearbooks, show 
the tremendous increase in production of crushed 
stone, chiefly caused by demands of expanded high- 
way and other construction, and the gradual decline 
of the dimension stone industry as use of concrete 
and steel for structural materials increased. 
Imports in 1970 were valued at $35.7 million but 
amounted to only about 2.5 percent of the total 
value of stone consumed in the United States in 
that year. About 84 percent of the imported stone 
(by value) was dimension stone, chiefly marble from 
Italy and Portugal and granite from Canada and 
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Italy. Total value of stone exports was $5.6 million— 
only 0.004 percent of the year’s production (Drake, 
1972). Prosperity of the stone industry does not 
depend on either exports or imports. 

Demand is expected to increase, over the next 30 
years, at an annual rate of 2.3-3.3 percent for di- 
mension stone and 3.5-5.1 percent for crushed stone 
(Cooper, 1970, p. 1229). 


DISTRIBUTION 


Stone was produced in 1970 in all States except 
Delaware, and the total value of stone produced in 
the United States reached a new record high of 
$1.48 billion. More than 99 percent of the total 
quantity, with 93.5 percent of the total value, was 
crushed stone (Drake, 1972, p. 1). Stone was the 
principal mineral, by value, produced in eight States 
in 1970, was the second in 12 States, third in 10 
States, and fourth in three (Daugherty and Fahr- 
ney, 1972, p. 6). 

The eight most populous States produced 45 per- 
cent of the total output of stone, which represented 
40 percent of the total value in 1970. This reflects, 
of course, the importance of the cost of shipping or 
hauling stone from the quarry site to the place of 
use. Inasmuch as the present heavily populated areas 
will continue to be the principal areas of growth 
and construction, they will continue to be the lead- 
ing consumers of construction materials, and a 
healthy and adequate stone industry must be main- 
tained in and near all major population centers. 
Nearly three-fourths of all crushed stone produced 
in the United States in 1970 was shipped by truck 
(Drake, 1972, p. 15). After a very few miles, the 
cost of trucking can exceed the total of all other 
production costs of crushed stone. 

Most kinds of rock are suitable for use as crushed 
stone; as a result no area in the United States is far 
from an active or potential source of crushed stone. 
Distribution of these sources of stone is shown in 
figure 18. About 73 percent of the total output of 
crushed stone, which represents 67 percent of the 
total value, is limestone; traprock and granite are 
the other principal varieties produced (table 35). 

Distribution of types used for dimension stone is 
shown in figure 19. Granite is the leading variety 
representing 37 percent of the total output and 46 
percent of the total value; limestone and sandstone 
are next in abundance (table 35). 

The principal competitor of and substitute for 
crushed stone is another ubiquitous mineral com- 
modity, sand and gravel. It is commonly used as a 
substitute for stone in road construction and as 
concrete aggregate. Usually, the availability and 
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TABLE 35.—Production of stone in 1969, by types of stone, 
in the United States 


Percentage of total 


hehe Tonnage Value 
Crushed stone 
Limestone (including dolomite) _-_ 73 $67 
Granitewer===2- ss eae aoa sess 9 9 
Mar Dlepee see 2s oe Ss eS 4 2 
Sandstone (including quartzite) _ 3 4 
PeEADROCKWWe === a= se eee 10 11 
Othenpe ae SL eee SS 4.8 " 
100 100 
otal a See millions— 861 $1,326 
Dimension stone 
Granitewee =) oo. os ee 37 $46 
Limestone (including dolomite) -_- 31 18 
Miar:bl epee ae ta 4 13 
Sandstone (including quartzite) — 17 11 
Slatepen as o-oo a ee ae 8 9 
Ot e rere Sree se ES 3 3 
100 100 
otal mee aes a millions— 1.873 $99 


cost of transportation determine which of the two 
is used in any particular job; these qualifications 
depend upon local features. In areas which have 
been glaciated (for example, the Ohio Valley and 
the Great Lakes) or in coastal-plain areas, consoli- 
date rock may be scarce or may be covered by un- 
consolidated materials, giving the latter products a 
competitive cost advantage. 

Other substitutes for crushed stone are manufac- 
tured aggregates, such as slag or expanded light- 
weight aggregates. 

Principal substitutes for dimension stone are pre- 
cast concrete slabs or blocks (which may use either 
crushed stone, sand and gravel, or expanded shale 
as aggregate), bricks, and glass or ceramic prod- 
ucts. Use of dimension stone as a principal struc- 
tural material has declined since the growth of 
structural steel construction, but many producers 
are now providing dimension stone in thin slabs or 
as composites, with concrete backing, for exterior 
use (Bliss, 1971), and a growing demand is an- 
ticipated. 


PROBLEMS FOR RESEARCH 


Although the United States is self-sufficient in 
resources of stone, local problems commonly result 
from lack of adequate planning to reserve the best 
areas for quarrying. Many communities expanded so 
rapidly during the 1950’s and 1960’s that potential 
quarry sites were surrounded, or in some cases cov- 
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] ered, with urban development. Then, when existing 
quarries approached property lines, or encountered 
excessive water which increased the cost of deeper 
quarrying, the operators had difficulty in locating 
and developing a new site. Residents object to the 
noise, vibration, blasting, dust, and increased truck 
traffic associated with quarrying. To avoid this, op- 
erators have had to go to more distant sites, thereby 
increasing the cost of the delivered product. One 
alternative to this is underground quarying, which 
has the additional advantage of providing usable 
underground space after the rock has been removed. 
An example is a 1,500-acre tract in Kansas City, 
Mo., where the planned use as an underground stor- 
age area serves as a guide in the extraction of 
limestone (Missouri Geological Survey and Water 
Resources, 1970). 

In most areas, certain geologic formations pro- 
vide the best source of stone for construction. If a 
geologic map of the area has been made, it is a 
simple matter to prepare a map showing areas of 
suitable quarry rock which should be preserved, and 
these could be of great assistance to zoning boards, 
planning commissions, and other nongeological 
groups who are faced with the problem of locating 
construction stone. 
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ABSTRACT OF CONCLUSIONS 


About 70 percent of the world’s identified copper resources 
can be grouped in the following geologic-geographic cate- 
gories, listed in order of decreasing importance: porphyry 
copper deposits of Chile and Peru, porphyry copper deposits 
of the Southwestern United States (19 percent of the world 
total), sedimentary copper deposits of Zaire and Zambia, 
and porphyry copper and sedimentary copper deposits of 
the U.S.S.R. Other important groups of identified resources 
include porphyry copper deposits in Oceania, in Mexico, and 
in western Canada and porphyry copper and sedimentary 
copper deposits in southeastern and central Europe, respec- 
tively. These and the remaining identified resources amount 
to 344 million tons of copper metal, sufficient to last for 50 
years at present rates of mine production. 

Hypothetical resources, or those not now known but 
suspected to be present near known deposits, will probably 
provide another 400 million tons of copper. Important re- 
resources of this category are most likely to occur in the 
porphyry copper provinces of southeastern Arizona, western 
Canada, Chile, and Peru. Large sedimentary deposits will 
probably be found in Africa, the U.S.S.R., and the northern 
Rocky Mountains of the United States. Additional resources 
in sea-floor manganese nodules also will probably be dis- 
covered. 
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It is possible to speculate that another 320 million tons of 
copper might be found in areas not yet prospected and 
in which important deposits are unknown. The most promis- 
ing areas lie in the Basin and Range province of the United 
States, outside the known porphyry copper province; in the 
U.S.S.R. Far East where porphyry copper provinces may be 
found in Mesozoic fold belts and the younger island are sys- 
tem; and in the Brazilian shield where major sedimentary 
copper deposits might be found. 

The aforementioned identified, hypothetical, and specula- 
tive categories refer to known or postulated ore deposits, 
minable under present economic and technological conditions. 
In addition to these are large conditional resources in 
porphyry copper, sedimentary copper, and igneous copper- 
nickel deposits and in manganese nodules on the sea floor. 
At least 381 million tons of copper in such subeconomic de- 
posits can be identified or hypothesized. This copper may be- 
come available at some future period of high metal prices 
and (or) improved technology. 

A comparison of current U.S. and world production and 
the copper content of various copper deposits shows that 
the United States produces enough copper to mine out an 
average-sized porphyry copper deposit each year. Maintain- 
ing a balance between deposits discovered and deposits 
mined out means that a great investment in geological, geo- 
chemical, and geophysical studies must be made and main- 
tained in spite of short-term fluctuations in the price of 
copper. 


PROPERTIES, USES, AND RESOURCES 


Copper, one of the most useful and versatile 
metals, has been used by man perhaps longer than 
any other metal except gold. Its unique physical and 
mechanical properties are utilized both in its metal- 
lic state and in alloy with many other metals. Cop- 
per, chemical symbol Cu, has a hardness (Mohs’ 
scale) of 2.5-3, a melting point of 1,083°C, a boil- 
ing point of 2,595°C, a density (annealed at 20°C) 
of 8.89, and an electrical resistivity at 20°C of 1.71. 
Its electrical conductivity in cross section and by 
weight is surpassed only by silver and by aluminum, 
respectively. 

High electrical and thermal conductivities, good 
resistance to corrosion, good ductility and malle- 
ability, high strength, lack of magnetism, and a 
pleasing red color are properties and characteristics 
of copper that find innumerable industrial applica- 
tions. Copper and many of its alloys can be joined 
by welding, brazing, and soldering. It can be fin- 
ished by plating and lacquering. 

The four traditional copper-base alloys, brass, 
bronze, nickel-silver, and cupronickel, contain no 
less than 40 percent copper, with the amount of 
copper not less than that of any other constituent. 
Copper also is used in many other alloys where it 
is not the major component. 

About half (53 percent) of the 1.5 million tons 
of copper used domestically in 1970 was for elec- 
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trical applications, followed by 16 percent in con- 
struction, 12 percent in industrial machinery, 8 per- 
cent in transportation, 6 percent in ordnance, and 
5 percent in other uses. 

Use of copper in all applications for which it is 
suited would exceed its available supply, but alumi- 
num has substituted for copper in many applica- 
tions. In the last two decades U.S. consumption of 
aluminum has more than tripled, while the use of 
copper increased only 15 percent. Although copper 
is virtually indispensable for some applications, 
aluminum serves satisfactorily as an alternate metal 
in many others, and often at lower cost. The rela- 
tive capabilities of the two metals in their electrical 
conductor applications depend on their physical and 
mechanical properties. For example, an aluminum 
conductor weighs only 30 percent as much as a 
copper conductor of identical size, but an aluminum 
conductor has 1.64 times the electrical resistance of 
a copper conductor of equal size. Thus, for equal 
current-carrying capacity, an aluminum conductor 
weighs half as much as a copper conductor, but has 
a cross-sectional area 26 percent greater. 

Aluminum and stainless steel are used in place of 
copper for some applications in the building indus- 
try. Steel increasingly replaces brass in shell cases. 
The use of copper cladding proportionately requires 
less copper than would solid copper; copper now 
substitutes for silver in coins which have a copper 
core and a cupronickel cladding material. Printed 
electrical circuits and plastics have replaced copper 
in many applications. These shifts in the overall 
use pattern make more copper available for pre- 
ferred uses. In spite of substitution, the continued 
use of a substantial part of our present copper re- 
quirement is needed to maintain or present living 
standard. 

The supply to meet domestic demand is derived 
from U.S. mine production, secondary production 
(recovery of old scrap), imports, and withdrawals 
from industrial and Government stockpiles. The 
trends in supply and demand for copper during the 
period 1950-70 are illustrated in figure 20 and 
table 36. Other demand forecasts to the year 2000 
are discussed by Lowell (1970) and by Ageton and 
Greenspoon (1970). 

Copper is traded in a number of commercial 
classes—ore, concentrate, matte, blister, refined, and 
secondary—each with varying percentages of cop- 
per content. Because of the complexity in deter- 
mining the total amount of copper used from all 
classes and the many demands of trade such as 
imports, exports, and stockpiles, the total demand 
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Ficure 20.—U.S. supplies and uses of copper, 1950-71. (From U.S. Department of the Interior (1972). 


TABLE 36.—Copper supply and demand data, 1950-71, and 
projections for the year 2000, in thousands of short tons 


[Data from National Commission on Materials Policy (1972), U.S. De- 
partment of the Interior (1972), and U.S. Bureau of Mines (1970] 


Total U.S. Rest of 


Refined Old U.S demand, ex- world mine 


Year production scrap net elusive of production 
U.S. mines imports new scrap 

1950; g22252— 3s 921 485 491 1,897 1,851 

19GO) Ser aaee SoS 1,121 429 107 1,657 3,570 

197 Ope * === == 1,521 504 155 2,180 4,847 

A UENCE Sh ja a a ee 1,400 450 190 2,040 (?) 

200023 te2. s=-_ >. 2,380 1,700 (*) 9,700 (?) 


1 Preliminary. 
2 Not available or estimated. 
3 Unrefined. 


often is expressed as withdrawals or apparent con- 
sumption. 

With few exceptions, the United States has been 
a net importer of copper each year since 1939. De- 
pendency on foreign sources of supply has ranged 
from a high of about 60 percent in 1945 and 1946 
to 6 percent in 1971. 

The major sources of copper imports in 1971 
were Canada, 37 percent; Peru, 29 percent; Chile, 
15 percent; and all other countries; 19 percent. 
Major destinations of copper exports in 1971 were 
West Germany, 26 percent; Italy, 11 percent; 
France, 10 percent; Canada, 9 percent; and all other 
countries, 44 percent. 

The sources of 1971 imports differ markedly from 
the sources for the 1967-70 period, when 27 percent 
originated in Chile, 23 percent in Canada, 21 per- 
cent in Peru, 7 percent in the Republic of South 
Africa, and 22 per from all other countries. The 
nationalization in 1971 of mines owned by U.S. 
firms in Chile disrupted world trade patterns in 
copper, as is evident from the preceding data. 

The possible effect of industrialization of develop- 
ing countries on the world copper market is best 
illustrated by the Peoples Republic of China. Present 
per-capita copper consumption in China is about 
one-half pound per year, and many recent studies 
of the world metal situation have pointed to the 


impact of the increase that is sure to come with 
advancing industrialization in that and other popu- 
lous, mostly agricultural, countries. Even though 
Chinese copper production may increase rapidly, 
consumption may well outrun it for many years, and 
China probably will become a major importer in the 
short term, though self-sufficiency may be possible 
at a future time. The 4-year agreement for Chinese 
purchase of copper from Chile is an example of this 
kind of change that is sure to have widespread effect 
on the world copper market. 


EXPLOITATION 


The introduction of new domestic sources of cop- 
per, important new developments, and other events 
having significant impact on the supply of copper 
are shown in relation to primary copper production 
in figure 21. 

Development of foreign deposits also has had its 
impact on the copper industry. The more economi- 
cally important developments were the following: 

1912, Braden Copper Co. began operations in Chile. 
1916, Chile Copper Co. started production at Chu- 

quicamata. 

1924, Katanga in Zaire (Congo) started production. 
1950, 1960’s, Large deposits developed in Chile and 

Peru. Substantial production started and reserves 

added in Canada, Zambia, Zaire, Yugoslavia, 

Poland, Ireland, Finland, Bulgaria, U.S.S.R., 

Australia, and the Philippines. 

Among the foreign developments begun in the 
1960’s and expected to be in production in the 1970’s 
are those in Indonesia (West Irian), New Guinea 
(Manus Island, Bougainville), British Columbia, 
and Iran. 

Two factors of paramount importance to the cop- 
per industry are the grade of ore mined and the 
price per pound. The steady decline in average grade 
of domestic ore mined and the wide range in prices 
are evident in the following summary : 


166 
1.8 
(reel T ] | | I | | | | 
als 2 Economic oon, 
7 © 
3 S 
1.6/- a c Nigel 
UD $ 1 
> =) ' 
be = = ¢) 
S z 3 ies al 
a a 8 2 
Oo 1.4 mG) £ = 
oO ag 3 
O13 tiga = es 3 = 
ve + > & ha 
za i) 
= 12 as 3 Biles ieee i] 
< @ & > oO 
E dpe 2g oe - Sh 
Zz > o & c 5 ) 
1.7}, o > 9 © 2 c = 
{e) Ww SS a g 
oO oa Y tS 
Se 2 \ ° 
uw 1.0} fs 9 a 
e ES 
2 OO Sie Labor _| 
ro) ao strike 
~ age & 3 tcl 
e Q 2 Labor 
ie cio strike 
© ().7/ Je 2 E = 
) a = Labor strike 
u 0.6 & = 
ie) 8 
a 4 
2 
Q 
= 
=) 
= 


5 
Q 
Qa 
0.48 8 
gs 8 
0.3/-€ 6 x i) 
£2 , s 
0.2;-¢ce ¢ 3 FA Recession 1930/sidepression 
Le © >) 
es = 
OW oe 8 =| 
(6) 


1950 ;— 
1970 |— 


FIGURE 21.—U.S. primary copper production, 1850-1970. 
Notes indicate major new sources, developments, or events. 


Average annual price 

in cents per pound 
Quoted refinery Equivalent 
1970 dollars 


63.5 4.0 


Average grade of 
ore mine 
(percent copper) 


16.19 


NGO) eee 12.73 43.5 1.88 
92 Opp 17.45 30.0 1.63 
193 Oman eee 12.98 32.5 1.43 
1194 Oana 11.29 29.5 1.20 
GR)" See eee 21.32 30.0 89 
O50 meena 37.49 41.0 .83 
TOGO! BaLE Soa 32.05 36.5 “13 
OS eee eee 35.02 39.9 -70 
WO sete ee 58.20 58.2 .60 


Copper ores also contain other valuable recover- 
able metals, and many ores mined chiefly for other 
metals also contain recoverable copper. The 
coproduct-byproduct recovery of copper and associ- 
ated metals from ores depends upon the quantity of 
metals present (grade) and the processes used in 
recovering the principal values. Copper production 
yields significant quantities of gold, silver, molyb- 
denum, cobalt, zinc, lead, nickel, sulfur, tellurium, 
selenium, rhenium, palladium, platinum, arsenic, 
and iron. Selenium is an essential byproduct of cop- 
per production, and rhenium is obtained from the 
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molybdenum in porphyry deposits. Cobalt is derived 
mainly from copper ores mined in Zaire. 

Several problems of major concern to copper pro- 
ducers relate to protecting environmental qualities 
while maintaining competitive costs. Copper smelt- 
ers are under severe new or proposed restrictions 
on sulfur emission, requiring major capital invest- 
ment for control equipment. This stress may result 
in the closing of some smelters and a shift to new 
methods of hydrometallurgy. Surface restoration is 
particularly difficult in copper mining because of 
the finely powdered state of mill tailings and the 
very high ratio of waste to produced metal. Water 
pollution by mine and mill waste is a problem, and 
particularly as many of the big copper deposits are 
in arid regions, obtaining adequate water supplies 
for mining and milling becomes more difficult. 

Several porphyry copper deposits in Arizona are 
now being worked by in-place leaching methods 
which greatly decrease the effect of copper extrac- 
tion on the environment. The deposits are first cut 
by a system of tunnels, then fractured by explosive 
or hydraulic methods, and then leached by sulfuric 
acid introduced through pipes to the upper part of 
the deposit. The copper-rich fluids are withdrawn 
from the lowest levels of mine workings, pumped 
to the surface and the copper removed electro- 
lytically. The main disadvantages of this method 
are that only 50-60 percent of the copper in the ore 
deposit can be recovered under present techniques, 
and that all of the byproduct metals, such as molyb- 
denum, gold, and selenium, are left in the rock dur- 
ing the leaching process. 


GEOLOGIC ENVIRONMENT 
GEOCHEMISTRY AND ABUNDANCE 


Copper is a chemical element of group II-B of the 
periodic table; it has atomic number 29 and atomic 
weight 63.546, consisting of the isotopes **Cu(69.09 
percent) and ®©Cu(30.91 percent). It occurs in na- 
ture as the native element, as compounds of Cut? 
(ionic radius 0.54 A) and Cut? (ionic radius 0.81 A 
for sixfold coordination). In the Cut? state, as 
shown particularly by naturally occurring sulfates 
and phosphates, it is isomorphous with Zn (0.83 A), 
Me (0.80 A), and Fet? (0.69 A). In sulfides, Cut? 
is isomorphous with zine (as in tetrahedrite), and 
Cut+' with silver. Copper is a strongly sulfur-seeking 
(chaleophile) element, and it tends to be concen- 
trated in sulfide deposits; in igneous rocks it occurs 
mainly as finely divided sulfides, principally chalco- 
pyrite and bornite. 

Estimates of the abundance of copper in the con- 
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tinental crust have been reviewed by Parker (1967) ; 
most recent estimates are about 50 ppm (parts per 
million). As indicated in table 37, copper is con- 


TABLE 37.—Copper content of various matzrials 


Copper content generally reported 


Type of material Range Average 
Igneous rocks (parts per million) 
Wilttramafic rocks\)s£2222—0es_ 22203) Noe eae 15 
Basaltic and gabbroic rocks ____~-- 30-160 90 
AMI eS ites ge se eee ce eee 35 
Graniticn rocks) se-so= ose 5-30 15 
Sedimentary rocks (parts per million) 
IETIMES CONES HE = = = Sy ee 4 
WAMOSTONES te ene ee ae eens, * 10-20 10(?) 
Shales and clays _--------------- 18-120 45 
Sails Se eee 2-100 20 
hosphorites! ose e = ae eee 10-100 30 
(Con supe fe oe ee Pe ere 2-40 15 
Waters (parts per billion) 

NeamWialvengetse cae oem ee 1-15 3 
SuUrtacemwatersees ste see fee 4-150 5(2) 


1 Pettijohn (1963). 
2250 for deep-sea clays (Turekian and Wedepohl, 1961); 560 average 
for 450 samples of deep-sea clay (Landergren and Manheim, 19638). 


centrated in the igneous cycle in basaltic and gab- 
broic rocks. In these it is highest in the ferromag- 
nesian minerals such as pyroxenes and biotite where 
it probably occurs mainly as minute grains of chal- 
copyrite (Goldschmidt, 1954, p. 182). 

During the crystallization of igneous rocks, cop- 
per and some other elements that do not fit readily 
into the structures of silicate minerals may be con- 
centrated to form ore deposits. If the magma con- 
tains appreciable volatiles, copper may be dissolved 
and transported with these into veinlets or exten- 
sive vein systems. If, as in the case of some gab- 
broic rocks, the volatile content is low, copper may 
remain in the intrusion, concentrating as an im- 
miscible copper sulfide fluid. 

The data on sea water indicate that less than 
0.1 percent of the copper carried to the ocean re- 
mains in solution, the remainder being precipi- 
tated—mainly with the clays, in part with manga- 
nese oxides, and in part removed by biota. Probably 
much, perhaps most, of the copper reported in sur- 
face waters is due to industrial contamination from 
metallurgical wastes, plating work, and so forth. 

Copper is found in at least trace amounts in 
nearly all sedimentary rocks. The averages for 
some common rocks are shown in table 37. The cop- 
per content of Lower Eocene nonmarine sandstones 
in the Rocky Mountain region was found to average 
11 ppm and, for individual basins, to range from 
5.2 to 29 ppm (Vine and Tourtelot, 1970a). Pelitic 
Belt rocks from the Mission Mountains Primitive 
Area, Mont., contain an average of 14 ppm copper, 
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whereas similar rocks in the Pend Oreille, Idaho, 
area contain 6.8 ppm copper (Harrison and Grimes, 
1970, table 11). 

Copper is readily soluble and mobilized by oxidiz- 
ing solutions; therefore, it concentrates in certain 
environments of deposition. Thus, marine clays and 
other fine-grained rocks tend to have more copper 
than coarse-grained rocks and limestones. Moreover, 
the average black shale contains about twice as much 
copper as the average shale, and some black shales 
rich in organic matter contain several hundred parts 
per million copper (Vine and Tourtelot, 1970b). 
Pelagic sediments contain significantly greater con- 
centrations of copper than continental rocks. Lan- 
dergren and Manheim (1963) reported 560 ppm 
copper as the average for 450 samples of deep-sea 
clay. Bostrom and Peterson (1966) found more than 
1,000 ppm copper and an enrichment of several 
heavy metals along the crest of the East Pacific rise. 
A metal-rich sediment associated with hot brine 
from the Atlantis II deep in the Red Sea is reported 
to contain 0.5 percent copper (Miller and others, 
1966). 


GEOCHEMICAL CYCLE 


Copper is introduced into the accessible part of 
the earth’s crust from unknown deeper sources by 
igneous intrusions and by upward migrating fluids. 
Economic concentrations of the metal may result 
directly from these processes and from secondary 
effects of weathering, erosion, and sedimentation. 
Remobilization and reconcentration by numerous 
later stages of intrusion and by metamorphism may 
occur, and in addition ground water and deep con- 
nate waters may dissolve, transport, and redeposit 
copper to form younger ore deposits. Copper in 
oceanic basalt and copper carried to the sea in solu- 
tion and deposited with oceanic sediments may be 
remobilized during subduction of oceanic crustal 
plates, and a part may ultimately be redeposited in 
continental crustal rocks above the subduction zone. 

The weathering of chalcopyrite readily oxidizes 
copper and releases it to ionic solution. A portion 
of this ionic copper may be adsorbed on organic 
matter, clay minerals, and iron oxide particles, and 
some of it probably reaches the sea in ionic form. 
According to Robert Ehrlich and T. A. Vogel (oral 
commun., 1972), the absence of much potassium is 
an important factor in the transport of copper as a 
complex with montmorillonite. The copper in solu- 
tion in river waters ranges widely, but 0.010—-0.015 
ppm is probably the general range for large rivers. 
Some copper is believed to have been transported 
to the Siberian Udokan deposits in detrital form 
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(Bogdanov, 1968), and Ehrlich and Vogel (oral 
commun., 1972) suggested that some of the copper 
in the Nonesuch Shale was carried in this way. 

Because sea water contains only 0.003 ppm copper 
(Green, 1969), the discharge of an estimated 110° 
tons new copper by streams each year must be bal- 
anced against various mechanisms that remove it. 
In reducing environments, copper is probably pre- 
cipitated as the sulfide by sulfur-reducing bacteria 
or adsorbed on decaying humic organic matter. Cop- 
per also accumulates in some oxidizing environ- 
ments, such as in manganese nodules and in pelagic 
muds where precipitation may occur as the oxide. 
The fate of copper in an evaporite environment is 
not understood. Some copper may be concentrated 
in residual brines and eventually squeezed into ad- 
jacent porous sediments and precipitated by reaction 
with hydrogen sulfide. Copper may also be trapped 
in connate pore waters in basins of nonmarine depo- 
sition. Precipitation would eventually occur by re- 
action with hydrogen sulfide or organic matter, or 
as a carbonate, sulfate, silicate, or phosphate. The 
regional and stratigraphic association of strata- 
bound copper ores with evaporites was described by 
Davidson (1965). 

Prior to the evolution of a modern atmosphere 
containing about 20 percent oxygen some 1.2-1.4 


billion years ago (Cloud, 1971), the geochemical 
cycle for copper may have been significantly differ- 
ent. Primary copper sulfide minerals were probably 
sufficiently stable to survive weathering and redepo- 
sition as heavy minerals in detrital rocks. Subse- 
quent exposure of buried sediment to oxygenated 
waters could have resulted in redistribution of the 
copper in chemically reactive environments within 
the sedimentary sequence, for example in beds rich 
in organic matter. 


MINERALOGY 


Copper occurs in at least 160 minerals. Table 38 
gives the name, composition, and general mode of 
occurrence of 20 of the more common ones. 

Chaleopyrite is by far the most abundant copper 
sulfide; bornite and chalcocite are next in abundance. 
The sulfarsenides enargite and tennantite and the 
sulfantimonides tetrahedrite and famatinite are 
generally rare, but each makes up major parts of 
at least one large ore body. The mineral digenite 
(Cuz_,S) is not shown in table 38, but it may be a 
major ore mineral. It is detected only by careful 
petrographic work or X-ray analysis and is gener- 
ally reported as chalcocite. Native copper is abun- 
dant in certain types of deposits. 

Malachite, azurite, and chrysocolla are the most 


TABLE 38.—Minerals of copper; composition and environment of origin 


[o, major ore mineral; x, minor ore mineral] 
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common minerals of the oxidized zone, and the 
bright colors of these minerals have been a guide to 
prospectors for thousands of years. 


TYPES OF DEPOSITS 

Most copper deposits fall into one of five major 
types. (1) The most important of these are the 
porphyry copper deposits and vein and replacement 
deposits; these account for almost two-thirds of the 
world’s copper resources and are discussed together 
because of their common genetic association with 
felsic intrusive rocks. (2) A fourth of the world’s 
identifiable copper resources is in sedimentary rocks, 
and (8) about 5 percent is in volcanic rocks as 
massive sulfide deposits. (4) Smaller portions of 
world resources are in nickel-copper ores formed by 
magmatic processes in mafic intrusives and (5) in 
native copper ores of the Keweenaw type. These 
types, as well as certain uncommon or unique types 
of deposits, are discussed in order of their relative 
importance as copper resources. 


PORPHYRY COPPER DEPOSITS AND RELATED TYPES 


Porphyry copper deposits and most of the im- 
portant vein and replacement copper deposits are 
genetically associated with intrusions of felsic ig- 
neous rocks. The copper in these deposits is believed 
by some geologists (for example, Fournier, 1967) 
to be a primary constituent of the associated intru- 
sion. A part of the copper is trapped in disseminated 
grains by the rapid crystallization of the magma, 
which in turn gives rise to the characteristic por- 
phyritic texture of the intrusion. Another part of 
the copper is mobilized by water and other volatiles 
escaping from the hot congealed rock mass and is 
deposited in fractures in the intrusion and its wall 
rocks. A third part may escape completely from the 
intrusion and form vein and replacement deposits 
in nearby reactive host rocks. Thus porphyry copper 
deposits commonly occupy the central part of large 
or small mining districts containing vein and re- 
placement deposits of copper, lead, zinc, silver, gold, 
iron, and manganese. 


PORPHYRY COPPER DEPOSITS 


An excellent review of the geology of porphyry 
copper deposits of the North American Southwest 
with detailed descriptions of 15 individual deposits 
was assembled by Titley and Hicks (1966). Suther- 
land-Brown (1969) and Sutherland-Brown, Cathro, 
Panteleyev, and Ney (1971) wrote excellent descrip- 
tions of deposits in British Columbia. 

Porphyry copper deposits are defined herein as 
deposits of disseminated copper sulfide that are in 
or near a felsic intrusive body; in most deposits, at 


least one facies of the intrusive is a porphyry. This 
definition does not include size, grade, or amenabil- 
ity to mass-mining methods because these factors 
restrict consideration of the similar but subeco- 
nomic occurrences that are so important to regional 
metallogenic studies. Lowell and Guilbert (1970) 
tabulated the geologic features of 27 major por- 
phyry deposits, 18 of them in the North American 
Southwest, and arrived at a typical or average de- 
posit. This hypothetical ore body is oval and pipe- 
like, it measures 3,500 by 6,000 feet in plan, and 
it contains 150 million tons of ore averaging 0.8 
percent copper and 0.15 percent molybdenum. Ore 
below the zone of secondary enrichment contains 
on the average only 0.45 percent copper. On the 
average 70 percent of the ore body is in the intru- 
sion, and 30 percent is in the country rock. Sulfide 
minerals in descending order of abundance are 
pyrite, chalcopyrite, molybdenite, and _ bornite. 
Supergene sulfides may form a higher grade zone 
of secondary enrichment. 

Porphyry copper deposits have petrologic asso- 
ciations that are dependent on their tectonic en- 
vironment. Deposits formed on thick continental 
erust are usually associated with quartz monzonite, 
as in Arizona (Lowell and Guilbert, 1970). Deposits 
in island arcs are associated with quartz diorite, 
diorite, or granodiorite, as in Bougainville (Mac- 
namara, 1968), the Philippines (Madamba, 1972; 
Loudon, 1972), and Puerto Rico (Cox, 1971). Simi- 
larly, British Columbia porphyry deposits of two 
distinct ages and of distinct petrologic affinities 
seem to be related to two types of crustal plate 
motion (Hodder and Hollister, 1972). Thus, deposits 
of Triassic and Jurassic age were formed during 
plate convergence as the North American plate 
moved westward over the Pacific plate; as the East 
Pacific rise drifted under the American plate, de- 
velopment of tensional structures in the continental 
crust and a new regimen of magmatic activity gave 
rise to the Cretaceous and Tertiary deposits. The 
deposits formed in the earlier cycle in a thin or 
poorly developed continental crust are associated 
either with syenite, monzonite, or fennite as at Sti- 
keen and Copper Mountain or with quartz diorite 
and granodiorite as at Highland Valley. The later 
deposits that formed in a thicker continental crust 
are associated with quartz monzonite. 

Breccia pipes are present in 20 of the 27 deposits 
considered by Lowell and Guilbert (1970), and wide 
zones of closely and irregularly fractured rock 
(crackle zones) surround almost all the deposits. 
This last feature is a very useful one in the recogni- 
tion of porphyry deposits in the field. 
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Lowell and Guilbert (1970, p. 403-404) described 
the hydrothermal alteration of a typical deposit 
as forming in response to a “physical-geochemical 
continuum from low-temperature magmatic to ‘econ- 
ventional’ hydrothermal conditions” in which hydro- 
gen ion concentrations increase outward or with 
time. Where the country rock is homogeneous, a 
series of symmetrical, concentric shells of distinct 
hydrothermal mineral assemblages may be pro- 
duced around the igneous intrusive. From the in- 
terior of the deposit outward, these are the potassic 
(quartz-K-feldspar-biotite), the phyllic (quartz- 
sericite-pyrite), the argillic (quartz-kaolin-chloride), 
and the propylitic (chlorite-epidote-carbonate- 
adularia and albite). 

Many factors limit or disrupt the symmetry of 
the model porphyry copper deposit. Lowell and Guil- 
bert listed (1) a strong regional structural fabric, 
(2) heterogeneity of preore host rocks, (3) postore 
faulting and intrusion, and (4) different levels of 
erosion exposing the deposits. 

Titley (1972) drew attention to the profound 
effect of the country rock on the alteration min- 
eralogy and on the form of the ore bodies. He dis- 
tinguished “intrusion porphyry copper deposits” in 
which the ore body is mostly within the intrusive 
porphyry, from “wall rock porphyry copper de- 
posits” in which the wallrock near a porphyry in- 
trusion is altered and mineralized. Composites of 
these types are common. Titley emphasized that ore 
bodies in wallrocks may be just as valuable as those 
in intrusions and should not be overlooked because 
their alteration pattern does not follow the ideal 
model. 

Porphyry copper deposits of the Pacific and Ca- 
ribbean islands exhibit alteration patterns that di- 
verge sharply from the Lowell and Guilbert model. 
Biotite is the most common mineral in the potassic 
alteration facies, and K-feldspar is commonly lack- 
ing, possibly because of the low availability of po- 
tassium in the intrusive quartz diorite and diorite 
porphyries and surrounding andesitic volcanic rocks. 
Propylitic alteration is widespread in these deposits, 
and in Puerto Rico it appears to follow an early 
period of biotitic alteration (Cox, 1971). 

Figure 22 shows the size and grade characteristics 
of various porphyry copper deposits. The Bingham 
deposit in Utah is the largest in the United States, 
with a production since 1904 of over 14 million tons 
of copper (Anaconda Copper Corp., annual reports). 
The field of 22 U.S. deposits in production in 1960 
has its center point at about 100 million tons at 
0.8 percent copper or about 800,000 tons of copper 
metal per deposit. 
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A second field of eight U.S. and Canadian deposits 
brought into production in the last 10 years shows 
a downward trend in grade. At Sierrita, Ariz., the 
mining of ore averaging 0.34 percent copper is 
made possible by lower cost mining and processing 
methods. These new deposits contain on the average 
about 2 million tons of copper each. Likewise, por- 
phyry deposits with byproduct molybdenum discov- 
ered in other parts of the world are being brought 
into production at average copper grades as low as 
0.18 percent (Brenda, British Columbia) and 0.3 
percent (Casino, British Columbia) (Peters, 1970). 
La Caridad, Mexico (Peters, 1970) and the com- 
bined San Manuel—Kalamazoo deposits, Arizona 
(Peters, 1970; Thomas, 1966, p. 139) are the larg- 
est of the new deposits, with about 7 million tons 
of copper each. 

Overshadowing these are the great Andean por- 
phyry deposits of Chile and Peru. These deposits 
were brought into production with average grades 
of 1-2 percent, and the average of 11 deposits 
plotted is about 4 million tons of copper each. The 
El Teniente and Chuquicamata deposits in Chile, 
which would lie on the right side of this field in 
figure 22, are larger by at least an order of magni- 
tude than the majority of North American porphyry 
deposits. It is obvious that the Andes represent a 
copper province of great wealth and that numerous 
other lower grade deposits await development. 

The principal byproduct metals of porphyry de- 
posits are molybdenum, gold, and silver. King (see 
“Molybdenum” chapter) gives a range of Mos; 
values of 0.015—0.1 percent for porphyry copper de- 
posits; Simons and Prinz (see “Gold” chapter) give 
a range of 0.001—0.025 ounce gold per ton in copper 
deposits in general. An average silver value of 0.06 
oz per ton is given for 14 Arizona porphyry deposits 
by Heyl and others (see “Silver” chapter). Kesler 
(1971) pointed out that continental porphyry de- 
posits have higher molybdenum values and that 
island are deposits have higher gold values and 
lower molybdenum values. Gold content of the 
Panguna deposit in Bougainville is 0.018 oz per ton; 
the Marcopper deposit in the Philippines contains 
0.001 oz per ton (Espie, 1971; Loudon, 1972). Mo- 
lybdenum values in these deposits are negligible. 

Economically important trace amounts of selen- 
ium, tellurium, and rhenium are derived from cop- 
per and molybdenum concentrates from porphyry 
deposits. Pyrite concentrates are recovered for their 
use in sulfuric acid manufacture, and magnetite 
concentrates are recovered from some porphyry de- 
posits such as Atlas in the Philippines (Madamba, 
1972). 
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QUANTITY OF COPPER ORE, IN MILLIONS OF SHORT TONS 


FIGURE 22.—Size and grade characteristics of selected copper ore bodies. Diagonal lines show tons of copper metal per de- 
posit; world and U.S. mine production of copper metal are shown for comparison by diagonal dashed lines. Data from 
unpublished compilation by A. R. Kinkel, Jr., and others and from Peters (1970). 


VEINS, PIPES, AND REPLACEMENT DEPOSITS 


Copper-rich veins, pipes, and replacement depos- 
its may be localized in felsic plutonic rocks with 
local porphyry intrusions as at Butte, Mont. (Meyer 
and others, 1968) ; in favorable host rocks near a 
porphyry copper deposit as at Bingham, Utah, and 
Bisbee, Ariz.; or near barren felsic intrusive rocks 
as at Magma, Ariz. (Hammer and Peterson, 1968) 
or Mission, Ariz. (Kinnison, 1966). Veins are 
formed when metal-rich solutions, emanating from 
a crystallizing intrusion, deposit minerals in faults 
or fractures. They are tabular in form and may 
show mineral textures indicating growth of crystals 
in open cavities as well as replacement of wallrocks 


by copper minerals. Many veins show several gen- 
erations of mineral deposition related to opening 
and reopening of fault zones by tectonic movements. 

Hydrothermal alteration envelopes may accom- 
pany the veins, indicating chemical reaction be- 
tween wallrocks and mineral-rich solutions. Sales 
and Meyer (1949), in their monumental study of 
quartz-sulfide veins at Butte, Mont., described a 
sequence of alteration zones outward from the veins 
into the quartz monzonite wallrocks. The sequence 
is consistently sericite to kaolin to montmorillonite 
to fresh wallrock. Comparison of the chemical com- 
position of these zones suggests diffusion of some 
ions from the rock into the vein and simultaneous 
migration of hydrogen ions into the wallrocks. There 
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is a close similarity in mineralogy between large- 
scale alteration zones extending outward from 
porphyry deposits and small-scale alteration zones 
successively enveloping sulfide veins. 

Ore pipes are rodlike in form as contrasted to 
tabular veins. They may form in fractured or brec- 
ciated rock at the intersections of faults or by ex- 
plosive release of gases derived from intrusive 
magmas. These latter are called breccia pipes be- 
cause of the broken rock associated with them. At 
many places copper deposits in breccia pipes show 
a close spatial and genetic relation to mineralized 
porphyry intrusions as at Cananea, Mexico (Ve- 
lasco, 1966) or a close geographic relation to por- 
phyry copper deposits as in the porphyry copper 
belt in Chile (Sillitoe and Sawkins, 1971). 

Replacement deposits form in reactive host rocks 
near the intrusive contacts or along mineral veins. 
These hosts may be sedimentary rocks such as lime- 
stone, dolomite, or calcareous sandstone or even 
diabase sills as at Ray, Ariz. (Metz and Rose, 1966). 
Replacement deposits tend to be tabular in form 
and may be roughly concordant with bedding. 
Though high in grade at some mines, when these 
deposits are removed as part of a large low-grade 
ore body they are generally regarded as part of 
the porphyry copper ore body, as at the Mission 
and Pima mines in Arizona. Mining of porphyry 
ore at Bingham, Utah, encroaches steadily on chal- 
copyrite replacement bodies in limestone beds to the 
west, and the distinction between ore in porphyry 
and ore in wallrocks becomes academic. 

Favorable host rocks for replacement deposits 
may have continuity over large areas, and the 
recognition of their stratigraphic position is of great 
importance in the search for new deposits. In Ari- 
zona, increasing attention is being paid to details 
of local stratigraphy in attempts to locate hidden 
replacement deposits (Eyde, 1972). 

Vein, pipe, and replacement ores have a more 
varied mineralogy than the porphyry deposits. Chal- 
copyrite and bornite are the most common hypogene 
minerals. Chalcocite and covellite may be present as 
hypogene minerals in addition to forming secondary 
enrichment blankets. At Butte, Mont. (Meyer and 
others, 1968), main-stage mineralization gave rise 
to veins of four distinct types: veins of the deep- 
level chalcopyrite zone containing chalcopyrite, 
bornite, and tennantite; veins containing chalcocite- 
enargite in the central zone; bornite-chalcocite- 
chalcopyrite-enargite veins in the intermediate zone; 
and carbonate veins containing rhodochrosite, spha- 
lerite, galena, and rhodonite in the peripheral zone. 

At the Magma mine in Arizona (Hammer and 
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Peterson, 1968) vein ores contain chalcopyrite, 
bornite, enargite, tennantite, chalcocite, digenite, 
and sphalerite. Enargite predominates in the lower 
levels and gives way upward to tennantite, but 
sphalerite predominates in the upper levels. Digenite 
is present only in the lower levels. In the limestone 
replacement ores, chalcopyrite is predominant. 

Mineral zoning such as is exhibited at Butte and 
Magma is present to some extent in most vein and 
replacement deposits. In addition to this a larger 
scale mineral zoning has been noted around most 
mineral deposits related to felsic intrusive rocks. 
Lowell and Guilbert (1970) in their tabulation of 
27 porphyry copper deposits described some periph- 
eral mineralization in all the deposits and arcuate 
clusters of small mines and prospects in 23 of the 
deposits. Most of these peripheral veins contain 
gold and silver values along with pyrite, chalco- 
pyrite, sphalerite, specularite, enargite, famatinite, 
tetrahedrite, barite, and manganese and vanadium 
minerals. Recognition of a cluster of small veins as 
part of an outer zone surrounding a buried ore de- 
posit may be an important step in the discovery of 
new copper resources. 

Vein and replacement deposits are difficult to 
characterize in terms of tonnage and grade. If the 
Butte district is considered as one deposit—and no 
criteria seem to exist as a basis on which to sub- 
divide it into smaller deposits—the amount of con- 
tained copper metal is enormous, rivaling that of 
the largest Andean porphyry deposits. In the pe- 
riod 1880 to 1964 the Butte mines produced more 
than 8 million tons of copper (Meyer and others, 
1968). In Arizona, major vein and replacement de- 
posits fall into a field (in fig. 22) with an average 
copper content of 350,000 tons of copper each. 

In general, copper resources in vein, pipe, and 
replacement deposits are small in comparison to 
those of the closely related porphyry copper depos- 
its, and discoveries of new deposits similar to Butte 
or Magma have declined sharply in the last few 
decades. The relatively small size of the ore bodies 
and alteration envelopes makes these deposits diffi- 
cult targets in areas of deep overburden. It is likely, 
however, that vein, pipe, and replacement ore bodies 
will be discovered incidentally in the search for 
porphyry deposits. 


STRATA-BOUND DEPOSITS IN SEDIMENTARY ROCKS 


Strata-bound deposits in sedimentary rocks in- 
clude some of the world’s largest sources of copper. 
The sedimentary deposits of Zaire and Zambia alone 
make up 15 percent (table 39) of the world’s identi- 
fied resources, and enormous deposits are known in 
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the U.S.S.R. Deposits of this type represent the 
largest potential for discovery of new deposits. Not 
only are many of them difficult to recognize in the 
field, but the geologic controls of their origin are 
only beginning to be understood. 

A genetic classification of sedimentary copper de- 
posits should distinguish ores formed by chemical 
or biological processes from those formed by me- 
chanical processes; those deposited simultaneously 
with the enclosing sediment from those formed by 
later alteration; and those formed in a reducing 
environment from those formed in an oxidizing 
environment. However, these processes are not 
mutally exclusive, and the criteria for distinguish- 
ing them are frequently equivocal. Idealized descrip- 
tions of different types of sedimentary copper de- 
posits presented below, followed by descriptions of 
several important deposits that may be combinations 
of types. 

Type 1.—Rocks of intermediate Precambrian age 
formed when atmospheric oxygen began to become 
abundant and to mobilize copper that was previously 
stable. These deposits may include copper reworked 
or leached out of earlier disseminated deposits. The 
deposits of the African copper belt and those in the 
Belt Supergroup of western Montana may be of 
this type. 

Type 2.—Syngenetic marine deposits formed on 
the sea floor by precipitation or adsorption on or- 
ganic matter. These deposits should show a system- 
atic relation to lithologic facies and may be char- 
acterized by lateral persistence within a bed or 
facies. Mineral textures are typical of sedimentary 
rocks and the deposits may contain other metals, 
such as uranium, vanadium, and silver, that could 
precipitate under similar conditions. The Kupfer- 
schiefer and equivalent formations in Europe may 
be of this type. 

Type 3.—Deposits formed by reaction of connate 
brines or meteoric ground water with chemically 
reactive strata such as black shale, sandstone con- 
taining carbonaceous matter, or carbonate rock. As 
discussed by Lindgren (1911), such deposits prob- 
ably form during compaction and lithification and 
are localized by variations in permeability, struc- 
ture, and chemical reactivity of the host strata. The 
deposits may be nonpersistent and highly variable 
in size, shape, grade, and texture of the ore. Typical 
ore is more coarse grained than syngenetic ore and 
may include local replacement of original framework 
grains. The associated metals are the same as found 
in syngenetic deposits. Favorable host rocks include 
nonmarine arkosic sandstones. The “red-bed’’ cop- 
per deposits near Cuba, N. Mex., are an example of 
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this kind of deposit. The other types of deposits 
have probably been modified to some degree by the 
processes that form this type of deposit. 


THE KUPFERSCHIEFER 


The Permian Kupferschiefer of Mansfeld, in the 
German Democratic Republic, is a thin-bedded bitu- 
minous marine maz! or shale about 50 centimeters 
thick containing copper, lead, zinc, and silver in eco- 
nomic concentrations and many other metals in 
unusually large amounts (Richter-Bernburg, 1941; 
Wedepohl, 1964, 1971). The equivalent Zechstein 
shales of Lower Silesia in Poland contain economic 
concentrations of copper in some areas and of lead 
in other areas (Haranczyk, 1970). Many Europeans 
regard the mineralization of the Kupferschiefer and 
equivalent units as syngenetic because the minerali- 
zation is confined to a thin stratigraphic unit and 
its distribution is related to lithologic facies 
(Richter-Bernburg, 1951). Most advocates of the 
syngenetic hypothesis also suggest some extraordi- 
nary way of concentrating greater than usual 
amounts of copper from sea water. Submarine min- 
eral springs and erosion of older copper ores are 
among the sources suggested for the copper. More 
recently, Brongersma-Sanders (1968) suggested that 
heavy metals could be concentrated in black shales 
and phosphorites by upwelling nutrient-rich waters. 
Davidson (1964) rejected all the arguments for 
unusual environments of deposition in favor of an 
epigenetic episode of mineralization by saline ground 
waters derived from the Zechstein salt deposits 
overlying the Kupferschiefer, citing as an example 
the metal-rich thermal ground waters encountered 
in wells near the Salton Sea as potential mineraliz- 
ing solutions. Wedepohl (1971, p. 272) suggested a 
correlation between the local metal content of the 
Kupferschiefer and the soluble trace metals in the 
Lower Permian red sandstones over which the Kup- 
ferschiefer sea transgressed. 

Much of the Kupferschiefer in West Germany is 
probably of submarginal grade, but there may be 
as much as several tens of millions of tons of rock 
with an average grade of 0.3 percent copper. 


THE AFRICAN COPPER BELT 


Nearly one-fifth of the world’s production of cop- 
per comes from deposits in upper Precambrian sedi- 
mentary rocks that extend for about 300 miles 
across parts of Zambia and the Katanga province 
of Zaire in Africa (U.S. Bur. Mines, 1970). These 
deposits are usually called “strata-bound copper 
deposits” because of some uncertainty as to their 
origin. Individual beds containing disseminated cop- 
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per sulfide minerals are persistent for many miles. | 


The ore occurs in dark shales of the lower Roan 
Formation of the Katanga Supergroup. Most of the 
lower Roan Formation is made up of arkosic con- 
glomerates and eolian sandstones overlying a gra- 
nitic basement, but the dark shales of the main 
ore horizon also contain algal reefs. Thus, the ore 
horizon was probably deposited in a shallow re- 
stricted basin surrounded by algal reefs. An im- 
portant feature suggestive of a syngenetic origin 
is the zonal arrangement of ore minerals within the 
ore formation parallel to the shoreline as it mi- 
grated back and forth with transgressions and re- 
gressions of the sea (Garlick, 1961, p. 155-160). 
The sequence proceeds from barren sediment along 
the shoreline through disseminated chaleocite, born- 
ite, and chalcopyrite to pyrite in the same direction 
as the general flow of currents, as determined from 
crossbedding. However, the mineralized zone cuts 
stratigraphically upward through the succession 
from conglomerate to sandstone to argillite to im- 
pure dolomite. 

The later discovery by Malan (1964) that chal- 
copyrite occurs in narrow argillaceous interstices 
between stromatolite columns in algal reefs is also 
cited as evidence that copper was deposited at the 
time of sediment deposition, perhaps by sulfate- 
reducing bacteria, or as a colloidal sulfate gel. Metal 
deposition in the copper, iron, and cobalt-bearing 
Chibuluma West ore body, Zambia, was syngenetic 
with sands and muds, according to Whyte and 
Green (1971) and could have been by (1) biogenic 
deposition of sulfides, (2) precipitation especially 
of iron and cobalt hydroxides by changes of pH 
where river waters entered the lake or branch of 
the sea, (3) detrital deposition of metalliferous 
minerals, or (4) by a combination of these methods. 
Many of the deposits in Zaire have been altered by 
supergene enrichment, and they produce secondary 
copper minerals and a variety of other elements 
from dolomitic beds. 

The very large resource of copper in the African 
copper belt may result from a combination of sev- 
eral important processes. If we assume that the 
deposits are syngenetic, they may have formed dur- 
ing the interval of Precambrian time when oxygen 
first became available in sufficient quantity to mo- 
bilize copper. Moreover, these deposits are at or 
near the base of a marine transgression which could 
mobilize copper in the underlying crystalline and 
nonmarine rocks in a manner suggested by Wede- 
pohl (1971, p. 272) for the Kupferschiefer. Common 
features of the African copper belt and the Kupfer- 
schiefer were discussed by Putzer (1972). 
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The current rate of copper production from the 
African copper belt would suggest a known reserve 
of well over a billion tons of ore. Speculative re- 
sources may be several times as great. 


PRECAMBRIAN SEDIMENTARY COPPER DEPOSITS 
IN THE UNITED STATES 


At the White Pine district in Ontonogan County, 
Mich., copper occurs in the Nonesuch Shale of Pre- 
cambrian Y age, especially in the basal parting 
shale bed (Ensign and others, 1968). About 5 per- 
cent of the U.S. copper production comes from this 
single bed which is 1-8 meters thick and contains 
anomalous copper over a distance of at least 250 
kilometers (160 miles) in the Upper Peninsula of 
Michigan and northern Wisconsin. Chalcocite is the 
principal sulfide mineral in the mineralized zone 
whereas pyrite is the characteristic sulfide in the 
upper part of the Nonesuch Shale. The richest cop- 
per occurs in the darkest carbonaceous siltstones, 
shales, and sandstones, where chalcocite grains 
ranging in size from 2 to 20 microns are dissemi- 
nated interstitial to the framework grains. Although 
the mineralization is persistent in certain beds 
throughout the district, a crosscutting relation be- 
tween ore and bedding on a regional scale and the 
absence of a characteristic copper-bearing lithologic 
facies distinguish this deposit from the African 
copper belt. Consequently, an epigenetic, but not 
magmatic, source for the copper seems most likely. 
However, Robert Ehrlich and T. A. Vogel stated 
(oral presentation at Institute on Lake Superior 
Geology, Houghton, Mich., May 4, 1972) that accord- 
ing to their interpretation, the copper in the None- 
such Shale is syngenetic, with some diagenetic 
modification of the distribution. 

Strata-bound sedimentary copper deposits occur 
in Precambrian Y rocks of the Belt Supergroup in 
western Montana and adjacent parts of Idaho. Cop- 
per sulfides occur as disseminations, blebs, and 
veinlets in persistent beds of white fine-grained 
quartzite and siltite of the Revett Formation along 
a belt parallel to a broad domal feature formed 
before the close of Belt time. Anomalous amounts 
of copper are more widely known in green strata 
throughout the Belt basin. Most of the Belt rocks 
are feldspathic and contain variable amounts of 
mica (illite and sericite) plus chlorite in amounts 
inversely related to grain size. Anomalous amounts 
of silver and mercury are known to be associated 
with copper locally, but lead is known only in sepa- 
rate beds. The apparent relation between minerali- 
zation and a late Precambrian broad domal struc- 
ture is suggestive of a diagenetic or early epigenetic 
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origin for the copper (Harrison, 1972). Later re- 
crystallization and metamorphism to the biotite 
zone reduced rock permeability and precludes the 
possibility of late epigenetic mineralization. 

Rocks of the Belt Supergroup, including the Re- 
vett Formation, may contain as much as 1 billion 
tons of ore with an average grade of 0.5—1.0 percent 
copper. Submarginal grade rocks with anomalous 
copper may be 10-100 times more abundant. Silver 
will be a valuable byproduct of the Belt ores when 
commercial exploitation begins. 


PRECAMBRIAN SEDIMENTARY COPPER DEPOSITS 
IN THE U.S.S.R. 


With an estimated reserve of at least 10 million 
tons of metallic copper (Sutulov, 1972, p. 10), the 
undeveloped sedimentary ores of Udokan in eastern 
Siberia (near 57° N., 117° E.) form one of the 
world’s largest sedimentary copper deposits; Shank 
(1972, p. 88) reported that it may be the largest. 
The ores are mainly sedimentary and related to 
lithology, and the greatest ore concentrations occur 
in the 1,800—2,500-meter-thick Sakukan Formation 
within the 10,000-12,000 m Udokan Group of fine 
sandstone and siltstone and some thin lenses of 
carbonate (Bakun and others, 1958). The main layer 
within which ore masses occur is about 300 m thick, 
its top 250 m below the top of the Sakukan Forma- 
tion. The top of a lesser ore-bearing layer is 1,250— 
1,950 m stratigraphically beneath the main one. 
Despite the great thickness of the Udokan Series, 
deposition was in shallow water, or in a littoral 
and deltaic environment. 

The Udokan Series is considered by most geolo- 
gists to be of Precambrian X age, but some geolo- 
gists think it as young as Precambrian Z. Copper 
minerals were deposited with the sedimentary ma- 
terial or were diagenetic (Bogdanov, 1968). The 
copper is believed to have come from a Precambrian 
W shield area located to the northeast, containing 
anomalous quantities of copper. Part is believed to 
have been transported as fine clastic particles. 

The Udokan Series is folded into a big synclinal 
basin, irregularly oval in plan; the southwest limb 
is overturned, but folding is not complex. The en- 
tire series is slightly metamorphosed, and some of 
the rocks are now quartzites and phyllites. 

The main ores are disseminated chalcocite and 
bornite; there are also some chalcopyrite ores that 
are not associated with the preceding. Malachite, 
brochantite, and other secondary minerals are pres- 
ent in a restricted oxidized zone. Sphalerite, native 
silver, and molybdenite are rare in the deposit. Ore 
has been traced to depths of more than 1,500 m. 
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Lyubimov (1966, p. 231) described the remote 
location and problems that face development in the 
Udokan Series. The region has severe climate, per- 
mafrost, and seismicity and an elevation of more 
than 1,000 m above sea level, but the high metal 
content of the ore and the possibility of open-pit 
mining probably will compensate for the high capi- 
tal expenditures needed. 


RED-BED COPPER DEPOSITS 


Numerous deposits of copper are associated with 
red sandstone strata of late Paleozoic or early 
Mesozoic age, as described by Lindgren (1911). In 
the Southwestern United States, only a few of the 
deposits are large enough to be mined economically. 
Host rock strata, interbedded with red strata, are 
generally light gray to dark gray and may weather 
yellowish gray. Nonmarine feldspathic or arkosic 
sandstones containing carbonaceous matter are the 
most common host rocks. Such copper deposits are 
similar in size and shape to some of the well-known 
deposits of uranium and vanadium in sandstone, and 
transitional deposits containing all three metals 
exist. The copper deposits generally contain some 
silver, and at Silver Reef, Utah, silver values ex- 
ceed those for copper. 

Near Cuba, N. Mex., the Nacimiento copper de- 
posit, which occurs in the Agua Zarca Sandstone 
Member of the Chinle Formation, is a typical large 
red-bed copper deposit (Kaufman and others, 1972). 
Rich ore occurs as chalcocite, bornite, covellite, and 
secondary copper minerals, replacing fossil wood 
and forming halos around the wood. The deposit is 
clearly epigenetic, but appears to predate the major 
structural features of the area. In past years selec- 
tive mining of rich chalcocite replacements of logs 
left much disseminated ore in the ground. The re- 
maining disseminated and rich copper ore may be 
as much as several million tons in this area alone. 
The total speculative resources of copper in red- 
bed copper deposits of the United States may be 
several hundreds of millions of tons of mineralized 
material. 

A second type of copper deposit generally in- 
cluded with red-bed copper deposits is represented 
by disseminated copper sulfide minerals currently 
mined from thin beds of gray shale in the Flower- 
pot Shale of Permian age in southern Kansas and 
western Oklahoma (Ham and Johnson, 1963; John- 
son and Ham, 1972). The copper-bearing shales oc- 
cur in a sequence that includes red sandstone, dolo- 
mite, gypsum, and shale and are facies equivalents 
of evaporite deposits including salt in western Kan- 
sas and in the Midland and Delaware basins of 
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Texas and New Mexico. Like the Kupferschiefer of 
Europe, these deposits have lateral persistence 
within thin strata, which is commonly cited as evi- 
dence for a syngenetic origin. 

Strata-bound copper-bearing sandstones that oc- 
cur in Carboniferous rocks of Dzhezkazgan in 
central Kazakhstan, U.S.S.R., are included here 
even though descriptions of these deposits indicate 
significant differences from our red-bed copper de- 
posits. Copper sulfides with some lead occur in gray 
sandstone horizons interbedded with barren brown 
sandstones of shallow marine lagoonal and deltaic 
facies. As many as 27 zones of mineralized sand- 
stone occur in 700 m of enclosing rock. The gray 
host rock is more calcareous and dolomitic than the 
associated barren rock. The primary ore consists of 
sandstone impregnated with bornite, chalcocite, 
chaleopyrite, and galena concordant with the lami- 
nation of the sandstone. The first stage of minerali- 
zation is probably syngenetic or diagenetic with the 
enclosing strata; it is cut by a second, epigenetic 
stage of copper-lead-zine mineralization that forms 
intersecting veins, stockwork zones, and hydro- 
thermal wallrock alteration. The ore-forming solu- 
tions may have been derived from basaltic magma 
at depth below the sea floor according to Shcherba 
(1971). These deposits were estimated to have a 
reserve of more than 3.5 million tons copper metal 
in ore containing 1.6 percent copper (Sutulov, 1967, 
p. 118). 


MODERN SEA FLOOR NODULES 


Extensive deposits of ferromanganese nodules 
now forming on the deep-sea floor in the major 
oceanic basins are examples of syngenetic copper- 
bearing deposits that may become economic in the 
near future as technology progresses. Although the 
origin and mode of concentration of metals in these 
nodules are the subject of intense debate, there can 
be no question that the nodules represent syngenetic 
deposition. The copper content of the nodules varies 
regionally in the ocean basins; the higher concen- 
trations are normally on the west sides of the basins 
and between lats 10° N. and 10° S., 2,500-6,000 m 
below the surface. The nodules in the richer areas 
contain more than 25 percent manganese, as much 
as about 1.5 percent copper and nickel, and 0.25 
percent cobalt, as well as many other elements in 
smaller quantity. The copper ions are thought to 
be adsorbed on the manganese oxides; copper min- 
erals have not been reported. These nodules are 
discussd in more detail in “Manganese”; Mero 
(1965) reported information as to distribution and 
quantity. 
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METAL-RICH SEDIMENTS OF THE RED SEA 


In March 1964, during an oceanographic survey 
of the Red Sea, scientists aboard the RRS Discovery 
found hot brine in the Discovery Deep. Subsequent 
exploration has shown that underlying the hot brine 
are iron-rich, brine-saturated sediments at least 
10 m thick containing anomalous amounts of copper 
and zine. The geology, chemistry, and physical prop- 
erties of these sediments are discussed in detail in 
a collection of reports edited by Degens and Ross 
(1969). Aside from the economic potential of these 
deposits (Bischoff and Manheim (1969) estimated 
50 million tons of brine-free sediment averaging 
1.3 percent copper), the greatest interest lies in the 
theoretical implications of these deposits with re- 
spect to the origin of sedimentary deposits else- 
where. James (1969) suggested that deep burial of 
deposits of this type and continued circulation of 
hot brine through them would result in re-solution 
of the base metals and lateral migration. He specu- 
lated that such migration would continue until the 
solutions reached the H.S-bearing reef limestones 
known to be laterally continuous with the metal- 
rich sediments, there to precipitate as sulfide min- 
erals. Such a model provides a basis for new 
appraisals of the theories of origin of many types 
of sedimentary base-metal deposits. Furthermore, 
since the hot brines which have introduced the 
metals to the sea floor appear to be related to con- 
tinental rifting, a tectonic control for sedimentary 
deposits is suggested. If stratigraphic and paleotec- 
tonic studies of a region suggest rifting and deep 
basin filling, favorable host rocks along the flanks 
of the rift may contain deposits of base-metal sul- 
fides. 


HORIZONTAL TRANSPORT OF SECONDARY COPPER DEPOSITS 


A few localities are known where copper dis- 
solved from sulfide-bearing rock as a part of the 
conventional surficial leaching has then traveled 
laterally and been deposited in a secondary zone that 
is not located above the primary sulfide. Perhaps 
this phenomenon is more common that is suspected, 
and consideration might be given to searching for 
such ores in the vicinity of subeconomic sulfide 
mineralization. 

Lateral transport and secondary deposition of 
copper has been described at the Emerald Isle mine, 
Wallapai mining district, Arizona (Dings, 1951, p. 
149-153), Jerome, Ariz. (Lindgren, 1926, p. 90-91), 
Chuquicamata, Chile (Newberg, 1967), Globe- 
Miami district, Arizona (Throop and Buseck, 1971), 
and Ray, Ariz. (Phillips and others, 1971). The 
transport distance at Chuquicamata was about 4 
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kilometers. Most of the deposits are in Quaternary 
gravels, but some are in older rocks. 


MOBILIZED DEPOSITS OF PROBABLY SEDIMENTARY ORIGIN 


Two major deposits, Aitik in northern Sweden 
and Mount Isa in Queensland, Australia, contain 
copper ores that were probably sedimentary in ori- 
gin but have been modified by metamorphism. The 
ores of the old White Pine mine, Michigan, were 
deposited by hydrothermal solutions, but the source 
of the metal was probably the nearby strata-bound 
copper present in the Nonesuch Shale, the ore of 
the present mine. Many other deposits may also fall 
into this general category, and classification is 
harder as modification has increased. 

The large low-grade copper deposit of Aitik, near 
Gallivare, Sweden, is in Precambrian gneisses, 
schists, and quartzites (Zweifel, 1972). The copper 
is in chalcopyrite and occurs with pyrite, magnetite, 
and pyrrhotite, mainly as disseminations and 
stringers. There was some hydrothermal alteration 
along with the mobilization of the sulfides. 

At Mount Isa, lead-zine-silver ores form masses 
that are conformable with the bedding of the Pre- 
cambrian Mount Isa Shale, but the generally asso- 
ciated copper ores are in shears, particularly where 
silica and dolomite have been introduced. Thus, the 
lead-zine-silver ores are reasonably interpreted as 
syngenetic, but the origin of the copper sulfide ores 
is less certain. 


ENVIRONMENTS OF DEPOSITION 


An understanding of the origin and environment 
of deposition of sedimentary copper deposits has 
practical application in the search for new or hid- 
den ore deposits. A search conducted in depositional 
environments comparable to those of known copper 
deposits should have a far greater chance for success 
than a random search. Environments worth consid- 
eration include depositional environments where 
syngenetic concentrations are optimum, as well as 
postdepositional environments where diagenetic or 
epigenetic concentration seem most likely, as fol- 
lows: 

1. Deep marine basin sediments associated with 
midocean ridges or continental plate bound- 
aries, such as the recent sediments along the 
crest of the East Pacific rise and sediments 
in association with the hot brine pools of the 
Red Sea. 

2. Continental-margin marine black shales associ- 
ated with phosphorites, such as the Meade 
Peak Phosphatic Shale Member of the Phos- 
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phoria Formation of Permian age in western 
Wyoming. 

3. Shallow marine or estuarine shale associated 
with evaporites or nonmarine deposits, such 
as the Flowerpot Shale of Permian age in 
Oklahoma and the Kupferschiefer of Per- 
mian age in Germany and the equivalent 
Zechstein beds in Poland. 

4. Sandstone, shale, and carbonate rocks exposed 
to migrating saline ground waters, such as 
alkaline carbonated waters or chloride brines 
derived from subsurface solution of evapor- 
ites. Examples might be the “Speckled Sand- 
stone” of probable Early Permian age in the 
Salt Range of Pakistan, the Flowerpot Shale 
of Permian age in Oklahoma, the Santa Rosa 
Sandstone of Triassic age in New Mexico, 
and the San Andres Limestone of Permian 
age in New Mexico. 

5. First-cycle sedimentary rocks in a restricted 
or closed basin, such as the Agua Zarca 
Sandstone Member of the Chinle Formation 
of Triassic age along the west flank of the 
Nacimiento Range, N. Mex. 

6. Pyritic shale associated with submarine vol- 
canism, as perhaps the Nonesuch Shale of 
Precambrian Y age in Michigan and Wis- 
consin. 

7. Pyroclastic or porous carbonate-bearing rocks 
exposed to ground water from weathering 
copper-sulfide deposits, like the Apache Leap 
Tuff of Miocene age at the Inspiration mine, 
Arizona (Throop and Busek, 1971). 

8. Stratified rocks of mostly Precambrian Y age 
(800-1,600 million years), especially if they 
are first-cycle sediments deposited in shallow- 
water or restricted basin environments. Ex- 
amples are the Revett Formation of the Belt 
Supergroup in northwestern Montana, and 
the Roan Formation of the Katanga Super- 
group in the African copper belt. 

9. Basal transgressive marine rocks directly over- 
lying deeply weathered crystalline rocks or 
first-cycle arkosic clastic strata, such as the 
Kupferschiefer of Permian age in central 
Europe and the Roan Formation of Precam- 
brian age in the African copper belt. 

10. Porous strata updip and marginal to deeply 
buried volcanic rocks of basaltic to interme- 
diate composition, as the amygdaloidal flow 
tops and conglomerate beds of the Portage 
Lake Voleanics and perhaps also the None- 
such Shale, both of Precambrian Y age in 
the Upper Peninsula of Michigan. 
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11. Porous or chemically reactive strata, including 
lava flows and pyroclastic rocks, within or 
peripheral to rocks of the zeolite facies of 
low-grade metamorphism. Examples besides 
the Nonesuch Shale are the Sangre de 
Cristo Formation of Pennsylvanian and Per- 
mian age in southern Colorado and the 
Apache Leap Tuff at the Inspiration mine, 
Arizona. 

The environments described above are not all 
mutually exclusive; therefore, a coincidence of sev- 
eral may greatly increase the probability of find- 
ing significant copper mineralization. 


SIZE AND GRADE CHARACTERISTICS 


Sedimentary deposits are difficult to characterize 
as to size. On the one hand, many separate mines 
are not in separate ore deposits but in parts of a 
continuously mineralized stratum, and on the other 
hand, very large tonnage figures have been men- 
tioned for beds continuously mineralized over wide 
areas even though only a small part may be mined 
economically. In figure 22, a field of seven deposits 
in Zaire and Zambia has an average copper content 
of 4 million tons each in ore averaging 3.5 percent 
copper. Totals of production and reserves for both 
the White Pine and Keweenaw Point districts in 
Michigan amount to 7 or 8 million tons of metal 
for each deposit but in lower grade ore. Estimates 
for the Udokan deposit in the U.S.S.R. exceed 10 
million tons contained copper. 


MASSIVE SULFIDE DEPOSITS IN VOLCANIC ROCKS 


Copper is more abundant in basalt and andesite 
than in other igneous rocks. Under various condi- 
tions, this copper content may be concentrated to 
form an ore deposit of distinctly different form from 
those associated with felsic intrusions. 

A small but locally important part of the world’s 
copper resources is found in lavas and pyroclastic 
rocks laid down in the marine environment. These 
deposits are generally (1) stratiform or lenticular, 
and concordant with the bedding of the surround- 
ing rocks, (2) of small lateral extent as compared 
to thickness, and (3) composed largely of sulfide 
minerals with small proportions of silicate gangue. 
Mineralogically the deposits consist mainly of 
pyrite and (or) pyrrhotite and varying amounts of 
chalcopyrite, sphalerite, and galena. The terms 
“massive sulfide,” “cupriferous pyrite,” or “massive 
pyrite’ deposits have been used to identify this 
class. 

The last decade has been extremely productive in 
theories of origin of massive sulfide deposits. Recog- 
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nition of metamorphic features in the North Ameri- 
can deposits by Kinkel (1962) and Kalliokoski 
(1965) permitted the interpretation that their em- 
placement was earlier than the events that deformed 
them. Regional geologic studies such as those of 
Goodwin (1965) in the Noranda area, Quebec, made 
possible the views that the deposits were a part of 
the volcanic rock complexes that enclosed them and 
not a later superimposed feature. Detailed studies 
of Kuroko-type ores in Miocene tuffs of Japan (for 
example, Horikoshi, 1969) showed that these ores 
were formed on the sea floor during the last stages 
of an eruptive cycle. The equivalence of these de- 
posits to the metamorphosed massive sulfides of 
older terranes had by this time become clear to 
many workers. 

Anderson (1969) presented a thorough review of 
the genesis of these deposits, and in 1970 the meet- 
ing of the International Mineralogical Association— 
International Association on the Genesis of Ore 
Deposits in Japan brought together an outstanding 
group of papers on the subject. The description 
which follows is largely taken from papers by Tat- 
sumi and Watanabe (1971), Hutchinson and Searle 
(1971), and L. A. Clark (1971) in the proceedings 
of that meeting. 

Massive sulfide deposits that are undeformed by 
later orogenic activity exhibit a wide variety of 
textures and forms. Ore may be found in dissemina- 
tions and stockworks or swarms of veins in highly 
propylitized lava. Above these may be found sulfide 
ore in cavities between pillows as at Cyprus. Mas- 
sive sulfide bodies above the stockworks and vein 
swarms may show banding and colloform texture 
indicating deposition in open cavities or on the open 
sea floor. The ore may be intensely brecciated with 
interfragmental spaces filled with fine-grained 
sandy pyrite, and evidence exists for gravitational 
transport of blocks of ore, lava, and soft bottom 
sediment downslope on the sea floor from the source 
of the deposit. Overlying the massive ore are bedded 
deposits rich in iron oxides, silica, and disseminated 
pyrite. These bedded deposits are thickest over the 
massive ore, and they thin abruptly laterally. 

The preceding features have given rise to the 
volcanic exhalative theory of origin. Metal-bearing 
solutions or vapors are thought to ascend rapidly 
through fractures in a submarine volcanic pile and 
to precipitate, partly in colloidal form, in near- 
surface cavities and on the sea floor. Deposition of 
sulfides may temporarily seal the vent area, and 
the resulting increase of vapor pressure may cause 
the brecciation of previously deposited ore. Mixing 
of iron-rich solutions with oxygen-rich circulating 
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sea water results in deposition of the overlying 
bedded siliceous ironstones. 

The source of metals for these deposits is the 
same magma that gives rise to the surrounding vol- 
canic rocks. Different lava types give rise to de- 
posits of different mineralogy. For example, pyrite- 
pyrrhotite-chalcopyrite deposits are commonly 
associated with mafic volcanics, and sphalerite- and 
galena-bearing deposits tend to be found with silicic 
voleanic rocks (Anderson, 1969). 

Copper-bearing massive sulfide deposits contain 
as much as 10 percent copper, with a mean in com- 
mercial ores of about 2.5 percent, and they range in 
size from a few hundred thousand tons to more than 
50 million tons. The wide range in production grade 
of copper is due in part to the variable content of 
zine, lead, silver, and gold in these ores as well as 
the economics of recovery of sulfur and iron from 
them. 


COPPER IN NICKEL ORES 


Many of the commercial nickel deposits in mafic 
rocks throughout the world have copper associated 
with them, and this “byproduct copper” is an im- 
portant contribution to the supply, especially in 
Canada and the U.S.S.R. These deposits are gen- 
erally interpreted to have been formed by a mag- 
matic-segregation process as a part of the intrusion 
of the bodies of mafic rock. 

The chalcopyrite-pentlandite ores related to mafic 
intrusives range in composition from mostly copper 
sulfides to mostly nickel sulfides, depending on the 
composition of the primary magma; the proportion 
of nickel increases roughly with maficity (T. P. 
Thayer, oral commun., 1972). In certain cumulate 
mafic bodies this may result in high-nickel sulfide 
at the base and more cupreous sulfide in higher 
strata (Thayer, 1971, p. 242). In these ores the 
sulfide has generally separated as an immiscible 
liquid, and the richest concentrations in these sulfur- 
rich magmas formed when the sulfide separated be- 
fore crystallization had gone very far. Many papers 
in Wilson (1969) deal with the origin of ores of 
this type. 

The most significant producer of copper from 
nickel-bearing mafic rocks is the Sudbury district 
of Ontario. In this area of complex geology, the 
ores, some stratiform and some crosscutting, are 
polygenic in relation to their enclosing rocks but 
were probably all derived initially as products of 
crystallization and the separation of a sulfide-rich 
dense liquid. Variation in the Ni:Cu ratio in differ- 
ent ore bodies makes it possible for a mining com- 
pany to adapt the ratio in the ore produced to 
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metal-market conditions. 

Besides the Sudbury district, nickel sulfide de- 
posits containing appreciable quantities of copper 
are found as segregations in mafic intrusive bodies 
in Maine and New Brunswick, in Quebec, Manitoba, 
Saskatchewan, and particularly in the coastal crys- 
talline belt of British Columbia and southeast 
Alaska. The copper-nickel ores of Norway, Sweden, 
Finland, and the Kola Peninsula, U.S.S.R., are 
mostly polygenic and complex. The nickel-copper- 
cobalt ores of Noril’sk in north-central Siberia are 
also an important source of copper for the U.S.S.R. 
Nickel ores in Precambrian ultramafic and mafic 
rocks in the newly discovered Kambalda district in 
Western Australia contain 0.25—0.57 percent copper. 

The deposits in Minnesota are in the Precam- 
brian Duluth Gabbro Complex in the northern part 
of the State. Disseminated copper and nickel sul- 
fides form discontinuous lenses and layers in the 
basal part of the gabbro complex. Recent studies 
show that although these deposits are not minable 
under present conditions, they represent a very im- 
portant future copper resource (P. K. Sims, oral 
commun., 1972). 


NATIVE COPPER DEPOSITS OF THE KEWEENAW TYPE 


On the Keweenaw Peninsula, Mich., deposits of 
native copper occur in amygdaloidal flow tops and 
conglomerate beds in the Portage Lake Volcanics. 
These strata-bound and in part conglomerate-bed- 
controlled ores are mostly interpreted to be epige- 
netic in origin and may have affinities to some 
strata-bound ores in sedimentary rocks. (Bateman 
(1950, p. 498) likened them to the sandstone ores 
of Corocoro, Bolivia.) The proximity in both space 
and time of ores in the Portage Lake rocks to the 
mineralized Nonesuch Shale, 350-6,000 feet (110- 
1,850 m) above, also suggests this affinity. 

Opposing this reasoning are the widespread minor 
copper occurrences in basaltic rocks all over the 
world, suggesting that the copper was originally 
syngenetic but has been redistributed and concen- 
trated to minable grades by later processes (Corn- 
wall, 1956, p. 620). 

More than 5 million tons of copper metal has 
been produced on the Keweenaw Peninsula since 
mining began in 1845, and although there is little 
activity in the district now, large ore reserves 
remain. 

Most of the copper is the native metal and was 
introduced into vesicles, fractures, and interstitial 
pore spaces after deformation of the rocks. More- 
over, the copper deposits fit into a pattern of low- 
grade regional metamorphic zoning of silicate min- 
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erals similar to the zeolite facies described by 
Coombs, Ellis, Fyfe, and Taylor (1959). The source 
of mineralizing solutions for the copper sulfide de- 
posits in the Nonesuch Shale and the native copper 
deposits in the Portage Lake Volcanics may be 
essentially the same—namely, the 15,000-30,000 
feet of flood basalts at depth in the Lake Superior 
Basin (Ensign and others, 1968, p. 486). The 
copper-bearing solutions, according to White (1968, 
p. 322), may represent water driven from the voids 
and interstices of flow tops as the lava flows were 
crushed and metamorphosed in the axial region of 
the Lake Superior syncline, downdip from the pres- 
ent deposits. 

Other copper occurrences that resemble the Ke- 
weenaw type are the chalcocite-bearing Coppermine 
deposits in gently dipping basalt flows of Precam- 
brian Y age in the Northwest Territories, Canada, 
and the native copper-cuprite-azurite-malachite 
ores in chloritized and epidotized mafic flows in the 
Catoctin Formation (Precambrian Z) of Maryland 
and Virginia. Chilean copper deposits in terrestrial 
volcanic rocks such as Buena Esperanza (Ruiz and 
others, 1971) may be similar in origin to the Kewee- 
naw type, although they lack native copper. Bornite, 
chalcocite, and chalcopyrite are found in amygda- 
loidal upper parts of andesite flows in these deposits. 


MISCELLANEOUS TYPES 


Some copper deposits of local and (or) historic 
importance differ significantly in form and rock 
association from those of the five major groups just 
described. Among these are small and very high 
grade chalcocite deposits such as Kennecott, Alaska, 
and Mountain City, Nev. (See fig. 22 for compari- 
son with other types.) Nearby volcanic rocks have 
been called upon as a source of copper in these 
deposits (Coats and Stephens, 1968; E. M. Mac- 
Kevett, written commun., 1972). The massive chal- 
copyrite lenses and veins of Matahambre, Cuba, 
appear to be unrelated to either volcanic or intru- 
sive rocks (R. A. Bradley, oral commun., 1972). The 
sulfide lenses in shears crosscutting anorthosite 
bodies at Chibougamau, Quebec, do not lend them- 
selves to inclusion with any of the previously de- 
scribed types. 

Replacement ore bodies in carbonate rocks far 
from an igneous source, such as at Bornite-Ruby 
Creek, Alaska (Runnels, 1969), may be an im- 
portant resource of copper. Numerous lodes of this 
type in a 450-mile belt along the south slope of the 
Brooks Range, Alaska, are believed to contain more 
than 10 million tons of copper metal. Small copper 
production (12,000 tons in 1970) from Missouri is 


a byproduct of the lead-zinc replacement bodies in 
carbonate rocks without igneous affiliation (Allen 
Heyl, oral commun., 1972). 


RESOURCES 
IDENTIFIED AND HYPOTHETICAL RESOURCES 


About 70 percent of the world’s identified copper 
resources fall into four distinct geologic-geographic 
groups. These are, in decreasing importance, por- 
phyry copper deposits of Chile and Peru, porphyry 
copper deposits of the Southwestern United States, 
sedimentary copper deposits of Zaire and Zambia, 
and porphyry copper and sedimentary copper de- 
posits of the U.S.S.R. Other important groups are 
the porphyry copper deposits in Oceania, in Mexico, 
and in western Canada and the porphyry copper 
and sedimentary copper deposits in southeastern and 
central Europe, respectively. Volcanogenic deposits 
and nickel-copper deposits in mafic intrusions, im- 
portant as they may be to local economies, do not 
contribute significantly to the worldwide picture. 

Identified copper resources, given in table 39, are 


TABLE 39.—Identified and hypothetical copper resources, in 
millions of short tons 


Area Identified 1 Hypothetical 2 
United States: 
Basterny) =a ee Oe, Ge 10 5 
Western, except Alaska ___ 64 75 
Alaskatre a. seee eee Fae 2 20 
Canadar S332 eee=> Ss. tees 19 50 
Mexicoigye states Hcg ot Bee 18 20 
Central America _____________ 1 6 
Arti Tesi eee oa oat obs itch ale atte 2 1 
SouthwAmericage==— ee 80 50 
Europe, excluding U.S.S.R. ____ 25 20 
Atricayeets oe ee Re ON 53 50 
UWESES ARE Sees Peet i Rae Srl els 39 50 
Middle East-south Asia _______ 4 20 
Chinatee: 2 a et See 3 ? 
Oceania, including Japan ______ 21 30 
Australias as so ee ne 3 3 
UNO a) ee ee eee 344 400 


1 Identified resources: Specific, identified mineral deposits that may 
or may not be evaluated as to extent and grade and whose contained 
minerals may or may not be profitably recoverable with existing tech- 
nology and economic conditions. Based on all categories of reserve figures 
plus estimates where no figures are available. Amounts are tentative and 
accuracy will be refined in subsequent publications. 

? Hypothetical resources: Undiscovered mineral deposits, whether of 
recoverable or subeconomic grade, that are geologically predictable as 
existing in known districts. Based generally on identified resource figures 
times a factor assigned according to geologic favorability of the region, 
extent of geologic mapping, and exploration. 


those for which a size estimate is available. All 
categories of reserve figures as well as estimates 
for deposits where no reserve figures are published 
have been combined to make up this identified re- 
source. These figures should be regarded as tenta- 
tive, and considerable refinement of their accuracy 
should be expected in subsequent publications. They 
are derived from unpublished resource compilations 
made by A. R. Kinkel and others in the early 1960’s, 
with additions and subtractions based on new dis- 
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coveries and estimated mine production, respec- 
tively. Low-grade deposits are not included here but 
are discussed under ‘‘Subeconomic Resources” of 
this chapter. 

Hypothetical resources given in table 39 are those 
that have not been found but whose existence is 
suspected, as in concealed parts of known mineral 
districts, in projections of incompletely explored 
mineral belts, and in areas near important isolated 
new discoveries that suggest the possibility of a 
future mining district. The largest hypothetical re- 
serves are in the Western United States, South 
America, Africa, and the U.S.S8.R., all areas of 
favorable geologic setting and much recent success- 
ful exploration. 

Hypothetical resources in the Western United 
States comprise the concealed deposits under basin 
fill in the major porphyry copper regions, a possible 
new porphyry copper province in the Absaroka 
Range of Wyoming, and the great resources of sedi- 
mentary copper in the Belt Supergroup of Idaho and 
Montana. Alaskan hypothetical resources are based 
on favorable evaluation of porphyry deposits in 
eastern Alaska and of replacement deposits in car- 
bonate rocks on the south slope of the Brooks Range. 
Canadian hypothetical resources are in British 
Columbia and Yukon Territory. South American 
resources are in the Andes of Chile, Peru, Ecuador, 
and Argentina, and the estimate is probably con- 
servative. African hypothetical resources are in the 
copper belt region and in the Precambrian rocks of 
southwest Africa. U.S.S.R. hypothetical resources 
are large, and the estimate of 50 million tons may be 
conservative; the resources comprise undiscovered 
porphyry deposits in the Kazakhstan and Uzbekstan 
regions and copper-bearing sedimentary strata in 
several areas. Another area where future discovery 
of important copper porphyry deposits can be rea- 
sonably expected is in the central Iranian volcanic 
belt northwest from the known porphyry occur- 
rences near Kerman through the area near Hama- 
dan and Tabriz and then westward across northern 
Turkey. In this area some types of copper minerali- 
zation related to intrusions have been reported by 
Superceanu. (1971, p. 395). The areas of copper 
prospects in northeastern and east-central Iran that 
may have potential for large copper deposits are 
discussed under “Speculative Resources.” 

The identified resources in the United States, 76 
million tons of copper metal, are enough to last the 
country 45 years at the constant-use rate of 1.7 
million tons per year; the world identified resource 
of 344 million tons will last 50 years at the rate of 
6.9 million tons per year. At the same use rates, 
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hypothetical resources add 60 years supply to the 
United States and 58 years supply to the world. 


SPECULATIVE RESOURCES 


During the last decade many new mineral prov- 
inces and districts were discovered and developed. 
Important examples of these are the porphyry cop- 
per deposits of the Canadian cordillera, the South- 
west Pacific, and Iran. These areas had previously 
received little attention, and deposits of the por- 
phyry type were thought to be limited mostly to 
Southwestern North America and the Andes. Simi- 
larly, sedimentary copper deposits, previously con- 
sidered as rather unique occurrences, have been dis- 
covered in the Western United States and in eastern 
U.S.S.R. The development of these new provinces 
has drastically increased the resources. 

There is considerable likelihood of finding even 
more new copper provinces given the new knowledge 
of copper metallogeny and perhaps aided by the 
same combination of economic boom and high metal 
prices that existed in the last decade. Future dis- 
coveries of porphyry copper and sedimentary cop- 
per deposits are more likely to have a major impact 
on the world’s copper resources, and these types 
will receive the greatest attention. Unfortunately, 
not enough is known of the stratigraphic and paleo- 
tectonic controls of sedimentary copper deposits to 
be able to point to many areas with potential re- 
sources of this type. 

In the United States, the greatest likelihood of 
new discoveries lies in the Southwest. In Arizona, 
the search for new porphyry copper deposits has 
been concentrated in the southeastern part of the 
State because of the greater number of known de- 
posits and because more is known about the geology, 
geophysics, and geochemistry. Most of the south- 
western, western, and northwestern parts of the 
Basin and Range province has not been evaluated 
adequately in reconnaissance, much less in detaill. 
Adequate geologic maps exist for only a few widely 
separated areas. The reasons for this are many and 
include inaccessibility, restricted access to military 
bombing ranges and Indian reservations, and in- 
hospitable climate. Nevertheless, from what is 
known, these are pristine exploration areas, and 
must be considered to contain many copper deposits. 
On the basis of a simple comparison with the con- 
centration of copper deposits in southeastern Ari- 
zona, and generally favorable regional geology, an 
order of magnitude of 10° tons is estimated for 
these areas. 

Elsewhere in the Western United States, the 
Mountain City copper deposit in Elko County, Nev., 
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which yielded over 100,000 tons of copper in ore 
averaging nearly 10 percent, is believed to have been 
derived from the nearby metavolcanic rocks of the 
Nelson Formation of Late Mississippian age (Coats 
and Stephens 1968). Volcanic rocks of Mississippian 
to Permian age are widespread in northwestern 
Nevada, and these and nearby sedimentary rocks 
offer numerous prospecting targets for high-grade 
copper deposits (Hewitt, 1968). 

Metal-rich brines in the Salton Sea area of south- 
ern California and the Boleo copper deposits in 
Pliocene rocks in Baja California, Mexico, suggest 
a prospecting area. Upper Tertiary to Holocene 
rocks and sediments in and along both sides of the 
Gulf of California rift zone and its northern projec- 
tion in the Salton trough may have been or may be 
in the process of being mineralized by metal-rich 
solutions rising through this rift zone. 

In the Appalachian Mountains, the possibility of 
finding large porphyry copper deposits of Paleozoic 
age is intriguing. Ore-bearing porphyries are be- 
lieved to be emplaced only at relatively high levels 
in the crust, during the final or postorogenic stages 
of a tectonic cycle. Thus pre-Mesozoic fold belts 
contain few of these deposits, because erosion in 
these areas has progressed to the point where most 
of the upper part of the crust has been removed. 
Special conditions, however, such as the deep burial 
and preservation of rocks of an early tectonic cycle 
by geosynclinal deposits of a later cycle, may result 
in the preservation of some older porphyry-type 
deposits such as at Catheart Mountain in Maine and 
those of the U.S.S.R. in central Asia. 

Guild (1971) and Sillitoe (1972) discussed the 
relationship between porphyry copper deposits and 
the boundaries of major crustal plates and con- 
cluded that many deposits are related to the process 
of magma generation along the subduction zone 
where one crustal plate slides beneath another. 
Porphyry copper deposits tend to occur along the 
concave side of are-trench systems resulting from 
the process of subduction. Recognition of ancient 
crustal-plate boundaries of this type would enable 
us to outline episubduction regions where porphyry 
copper deposits might occur. The Piedmont Province 
of the Appalachian Mountains may be such a region. 
H. L. James (“The Metallogenic Concept,’ Presi- 
dential address. Soc. Economic Geologists, Nov. 13, 
1970, unpub. rept.) pointed out that this province 
has an arrangement of ore-bearing zones suggest- 
ing and eastward-dipping subduction zone. If por- 
phyry copper deposits still are preserved they would 
lie in the Piedmont near the present edge of the 
Coastal Plain. Copper, lead, and zinc have been 


noted in several old mines forming a trend extend- 
ing 400 miles northeastward from central Georgia 
to the North Carolina-Virginia boundary. Within 
this trend, several low-grade disseminated copper- 
molybdenum occurrences have been explored by 
drilling programs in recent years. Porphyritic in- 
trusive rock has been reported from only the Ma- 
gruder mine area in Lincoln County, Ga., but geo- 
logic reports on the old gold mines and prospects 
are mostly sketchy and limited to descriptions of 
the veins and the closely associated rocks. Some of 
the mines and prospects are reported to have areas 
of abundant disseminated pyrite. 

In southwestern Alaska and the Aleutian Islands, 
geologic conditions similar to those of the Southwest 
Pacific permit the possibility of discovery of por- 
phyry copper deposits. Quartz diorite intrusions 
and wide areas of disseminated pyrite described on 
Amchitka Island (Powers and others, 1960, p. 539, 
541) suggest that in at least one locality a favor- 
able environment exists for porphyry copper pros- 
pecting. Projection of the porphyry copper provinces 
of British Columbia and Yukon Territory into cen- 
tral Alaska suggests that large resources might be 
found there. 

In the Antilles, an extensive copper province is 
suggested by the occurrence of porphyry copper 
deposits in Puerto Rico. The Puerto Rican deposits 
were formed during a period of vulcanism and in- 
trusion in the early Tertiary (Barabas, 1971) and 
are overlapped by middle and upper Tertiary 
coastal plain carbonate rocks. A small molybdenum 
prospect in an Eocene pluton in the Virgin Islands 
(Ratte, 1971) suggests an eastward extension of 
this mineral province. In the limestone Caribbees, 
lower Tertiary plutonic rocks are exposed on St. 
Martin and Antigua. Hydrothermally altered rocks 
in St. Martin, Guadeloupe, Martinique, and other 
islands suggest interesting drilling targets, some of 
which were being explored by private companies 
during 1971. It is possible that another million tons 
of copper might be discovered in these islands, but 
land-use conflicts between mining and tourism may 
make their recovery in the near future doubtful. 

West of Puerto Rico the lower Tertiary mineral 
province is interrupted. Volcanic rocks and poten- 
tially productive intrusive bodies are absent in the 
lower Tertiary sequence of Santo Domingo. How- 
ever in the Montagnes Noires of Haiti, the Blue 
Mountains of Jamaica, and the southern Oriente 
Province of Cuba, lower Tertiary volcanic rocks are 
present. Quartz-bearing intrusive rocks and altera- 
tion zones that may be present in these areas repre- 
sent high-priority targets for porphyry copper 
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exploration. 

In western Colombia, quartz diorite intrusions of 
probable middle Tertiary age in the Sierra Occi- 
dental (Irving, 1971) suggest a large region where 
porphyry deposits might be found. Recent geo- 
chemical investigations by U.S. Geological Survey 
and Colombian government geologists have revealed 
strong copper anomalies in one of these intrusions 
in the north end of the Sierra (E. M. Irving, oral 
commun., 1972). 

In Panama, recently discovered porphyry copper 
deposits related to upper Tertiary volcanic rocks 
(Ferencic, 1970; Dengo and others, 1969) suggest 
a wide province with potential mineralization. 

Economically important copper deposits are un- 
known in the Precambrian shields of South 
America, but the region is vast, nearly unpopulated, 
and difficult of access. In Brazil, the recent highway 
construction and westward pioneering movement 
and accompanying geologic and geochemical explora- 
tion may yield copper resources of great size. Not 
enough is known of the geology of this region to 
do more than speculate on the possibility of major 
sedimentary copper deposits of the Zaire-Zambia 
type or smaller deposits of the Tsumeb type. 

In western Europe and northwest Africa, por- 
phyry copper deposits of late Paleozoic age may be 
preserved. These could be products of a Paleozoic 
subduction zone resulting from the collision of the 
Kuropean-African and the American crustal plates. 
Goosens (1971) suggested the possibility of por- 
phyry copper occurrences in western Africa. 

The Alborz Mountains of northern Iran, with nu- 
merous small copper occurrences, may be a long 
extension of the copper-molybdenum porphyry prov- 
ince in Soviet Armenia. The areas of volcano- 
sedimentary complex northeast of the Dasht-e-Lut 
in eastern Iran and in the northern part of the 
Chagai District in Pakistan, both areas of some late 
voleanism, are favorable areas for the occurrence 
of very young (Pliocene-Pleistocene) porphyries. 
One untested porphyry at Saindak in the Chagai 
District was described (Schmidt, 1968), and one 
prospect in east-central Iran, that at Gazu, was 
described in a way suggesting a porphyrylike de- 
posit (Bazin and Hiibner, 1969, p. 107-108). 

Mesozoic fold belts of the Soviet Far East prob- 
ably contain large porphyry copper deposits. The 
Koryak Peninsula would be the logical beginning 
for the search for these because of the apparent 
continuity of cordilleran-type structures into this 
area. Younger deposits may occur along the Kurile- 
Kamchatka-Aleutian arc-trench system. 

Recent discovery of porphyry copper deposits in 


the Philippines, Solomon Islands, and Borneo sug- 
gests that all the island are areas in the Western 
Pacific, especially the Indonesian islands, might be 
potential prospecting ground. 

A region of abundant felsic volcanic rocks in 
northeastern China and eastern Mongolia would 
seem to have potential for significant copper- 
porphyry and massive sulfide deposits. Other ranges 
besides the Ch’i-lien-shan, especially in northern 
Tsinghai Province, might contain significant mas- 
sive sulfide copper deposits. There is also consid- 
erable potential for sedimentary copper deposits in 
many parts of this large country. We do not know 
enough about recent Chinese geologic literature to 
speculate on extensions of the environment of the 
copper porphyry of Chung-t’iao-shan in Shansi 
Province. 

The Tasman geosynclinal belt in eastern Australia 
contains many copper occurrences and major de- 
posits of the massive sulfide type. Late Paleozoic 
felsic intrusions in this belt may contain large re- 
sources of the porphyry copper type. 

Table 40 summarizes our estimate of the amount 


TABLE 40.—Summary of speculative resources, in millions 
of tons, of copper’ 
Basin and Range porphyry copper —------------ 100 
ESA PORTMPAY CONV Ls seSeces aa = 10 


Other Western United States possibilities, 
Appalachian Mountains porphyry copper, 


and Antilles porphyry copper _____-__-_-___ 10 
Central America—Colombia porphyry copper_-_- 10 
Brazilian shield sedimentary copper ---__--_-_-_ 50 
Western Europe—northwest Africa porphyry 

CODD Chg ee = Se oo 10 
Middle East porphyry copper _____--__-___-___-_ 10 
U.S.S.R. Far East and Kurile-Kamchatka arc__ 100 
Chinas 2s ae 2 ie ee ee, Se een (?) 
PASS Ce ea cay ee ea 10 
Td ones Vere Saree ee rae ERE re Se AER Tint ae eae 10 

H Roya he See ee Se oP ee ee eee 320 


1 Speculative resources: Undiscovered mineral deposits, whether of re- 
coverable or subeconomic grade, that may exist in unknown districts or 
in unrecognized or unconventional form. Based mostly on estimates of 
geologic favorability and extent of geologic mapping. 
of copper that might be contained in these untapped 
districts and provinces. The figures are at best a 
guess and may be in error by as much as 100 


percent. 


SUBECONOMIC RESOURCES 


Lowell (1970) estimated that in the upper mile of 
the earth’s crust there are about 310 tons of 
copper. The recoverable identified, hypothetical, and 
speculative ore deposits discussed in the previous 
section make up a small fraction of this amount. 
Another fraction, subeconomic resources, comprise 
bodies of mineralized rock containing copper in 
amounts considerably higher than crustal abun- 


184 


dance but lower than could be mined under present 
economic and technological conditions. Subeconomic 
resources may be either identified or hypothetical, 
but inasmuch as data on grade and tonnage of sub- 
economic deposits are rarely available, no distinction 
is made between these categories. Subeconomic 
speculative resources represent such a high degree 
of uncertainty that they cannot be given numerical 
values. The lower limit of copper content of depos- 
its in the subeconomic category depends on one’s 
personal expectations of revolutionary advances in 
mineral recovery and mining methods. Copper will 
ultimately be mined at lower grades than most other 
metals because recovery is facilitated by its tend- 
ency to occur as minute sulfide grains rather than 
in silicates. However, adverse effects on the en- 
vironment and the magnitude of the labor and power 
requirements mitigate against the creation of huge 
open-pit mines in rocks containing only a few 
hundred parts per million of copper. 

Table 41 gives some of the identified and hypo- 


TABLE 41.—Partial list of subeconomic (conditional) re- 
sources, in millions of tons, of copper? 


Type of Copper 

Locality deposit resources 
Western United States ________ Porphyry copper ____ 20 
CG) ee ee eee Sedimentary ~_--_-__ 207 
Eastern United States -_______ Sedimentary 11 
Dot See ee OE Copper-nickel 60 

Seavifloor,) S55 2002. aes odules | ______ 50 (40-60) 

Western Canada Porphyry copper 20 
South America, Andes -_______ _ ___ do! a= = SS 100 
Africae =) 2S eee Sedimentary ____ 50 
urop ety 2 a a ge C (eae eee 50 
Lotal p= Ace en ee SE Se ee SE eee ees 381 


1 Conditional resources: Specific, identified mineral deposits whose con- 
tained minerals are not profitably recoverable with existing technology 
and economic conditions. 
thetical subeconomic resources that may become 
economically important in the future. 

In the United States, conditional resources in por- 
phyry copper deposits are probably very large. 
Lowell (1970, p. 69) predicted that average grades 
in open-pit copper mines will decline to 0.25 percent 
by the year 2000. In-place leaching of deposits of 
even lower grade may soon become economical. In 
addition, some large deposits such as at Safford, 
Ariz., are too deep or too irregularly distributed to 
permit profitable mining at the present time but 
may become minable in the near future. An estimate 
of the hypothetical subeconomic resources in por- 
phyry copper deposits averaging 0.25 percent cop- 
per requires some knowledge of the frequency of 
such deposits compared with deposits of minable 
grade. Moreover, to predict the increase in reserves 
of known deposits in response to a drop in average 
ore grades requires some knowledge of the rate at 
which copper content falls off with distance outward 
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from boundaries of porphyry copper ore bodies. If 
the slope of the curve of copper plotted against 
distance outward is steep for most deposits, de- 
creases in average grade will have little effect on 
reserves. Inasmuch as these data are not available, 
we are reduced to making the simple assumption 
that there are at least as many deposits averaging 
0.1-0.4 percent as there are deposits of currently 
minable grade. The discovery and development of 
this additional 7-8 billion tons of material in the 
western porphyry copper provinces with average 
grades of about 0.25 percent would yield about 20 
million tons of additional copper. 

Large conditional resources in sedimentary cop- 
per deposits in the United States are difficult to 
evaluate. Geologically, sedimentary deposits pass 
from economic ores to subeconomic resources when 
the beds in which the copper minerals occur become 
too thin or become separated by thick beds of barren 
rock. Also, some beds may have engineering char- 
acteristics that make mining dangerous or expen- 
sive, or a steeply dipping copper-bearing bed may 
reach depths that are beyond the reach of present- 
day underground mining practice. Nevertheless, the 
copper in certain sedimentary deposits is known to 
be continuous at fairly constant grade for great 
distances. 

The Nonesuch Shale at White Pine, Mich., is such 
a deposit. W. S. White (oral commun., 1972) esti- 
mated that 11 million tons of copper metal exists 
in currently subeconomic mineralized beds. The 
sedimentary copper deposits recently being explored 
in the Belt Supergroup of Montana and Idaho prob- 
ably contain large conditional resources, but no in- 
formation is yet available on their minable reserves. 

The copper-nickel deposits in the Duluth Gabbro 
Complex in Minnesota represent a large conditional 
resource. P. K. Sims (oral commun., 1972) esti- 
mated that 14 billion tons of mineralized rock exists 
along the lower contact of the gabbro body. This 
material has a lower cutoff of 0.25 percent and an 
average grade of 0.58 percent combined copper 
nickel. Assuming a 3 to 1 copper-nickel ratio, these 
deposits contain slightly more than 60 million tons 
of copper metal. Some of this copper is dessemi- 
nated in bodies as large as 100 million tons and may 
soon become amenable to mass-mining methods, ac- 
cording to Sims. 

Summing up these large conditional resources 
(table 41) gives a total of 111 million tons of copper 
which may at some time become available in the 
United States. 

Among the world’s most important conditional 
resources are those of the sea floor. These comprise 
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copper-bearing manganese nodules of the ocean 
basins and brine-associated metal-rich bottom sedi- 
ments of the Red Sea. On the basis of Mero’s (1965) 
estimates of copper content and abundance of ocean 
floor manganese nodules (see also ““Manganese’’), 
we estimate that 40-60 million tons of copper may 
be available from this source. Development of these 
resources depends on the accurate determination of 
their size, research and development on economical 
mining and metallurgical methods, and settlement 
of the international-legal problems of ownership. 

Elsewhere in the world, reasonable assumptions 
on which to base estimates of presumed resources 
become increasingly difficult to make. In the Andes, 
where porphyry copper deposits are large and are 
mined at much higher grade than those in the 
United States and Canada, there must exist very 
large subeconomic resources. The sedimentary de- 
posits of Zaire and Zambia probably also contain 
very large amounts of copper in thin or deeply 
buried beds. A doubling of the copper reserves of 
these areas is not difficult to imagine when modern 
low-cost mining methods are established and (or) 
world copper prices rise. 

Wedepohl (1971) gave 30-100 million tons as the 
probable copper content of the Kupferschiefer in 
Germany. Economic deposits are largely depleted, 
and this resource lies in thin or deeply buried beds. 


PROSPECTING TECHNIQUES 


We must assume that most easy-to-find copper 
deposits in the populated regions of the world have 
now been discovered. For all except some remote 
areas, new discoveries are more difficult to make 
and indirect methods of prospecting are being used 
increasingly to find copper and other metals. From 
now on, our success in finding new and especially 
hidden deposits will greatly depend on our ability 
to develop new methods of detecting concealed ores. 

Some prospecting techniques can be applied to a 
wide variety of ores, but others are only for specific 
targets. Geochemical reconnaissance is often the first 
step in prospecting and usually seeks several metals 
that may be dispersed from any kind of ore deposit. 
Stream sediment sampling, described by Hawkes 
and Webb (1962), is the most effective reconnais- 
sance method in many terranes. Refinements of this 
method, such as improved statistical analysis of 
data and sampling of certain mineral species (for 
example, magnetite), have had some success. De- 
tailed study of anomalous areas and outlining of 
drilling targets are usually accomplished by soil 
sampling and analysis. In tropical areas copper can 
be mostly leached from soils overlying the deposits, 
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but Learned and Boissen (1972) showed that over 
porphyry copper deposits, traces of gold associated 
with chalcopyrite remain in the soil and that the 
deposit may be outlined by the gold anomaly over 
it. In glaciated regions, ore fragments in boulder 
trains have been studied in hope of tracing them to 
their source; sulfide fragments were followed for 
50 km in the discovery of the Outokumpu ores of 
eastern Finland. 

Rocks containing widely disseminated pyrite as- 
sociated with copper porphyry deposits, in com- 
bination with other effects of hydrothermal altera- 
tion, weather in the desert environment to produce 
a large color anomaly, “distinguished by brownish 
to greenish coloration, bleaching and variegated 
iron staining” (Jerome, 1966, p. 82-83). In some 
localities large red-brown areas (‘red thumbs’) 
have developed near the ore bodies as at Bisbee, 
San Manuel, and Banner-Pima-Mission, all in Ari- 
zona. Recognition of the “red thumb” area from an 
aircraft played an important part in the exploration 
of the La Caridad deposit, Mexico. The areas of 
color anomaly may be hundreds of meters to several 
kilometers in size and might be recognizable on 
colored aerial photography (Schmidt, 1968, p. 60). 
They also form target areas large enough to be 
sought from instrumented satellites; tests of the 
detection of a porphyry ore body in a desert area 
are planned for the Earth Resources Technology 
Satellite A. 

Preliminary experiments have been made to com- 
pare the spectral reflectance from trees in soil over 
a sulfide mineral deposit with reflectance from trees 
of the same species on nearby unmineralized soil 
(Canney, 1970). Early results of tests made on a 
disseminated copper-molybdenum deposit in Maine 
have been encouraging. 

Geophysical methods of many types are suitable 
for copper prospecting, but they are much more 
specific for certain types of ore. Aeromagnetic sur- 
veys are used to outline bodies of mafic rocks which 
may contain massive sulfide or magmatic-segrega- 
tion deposits or to indicate areas of weakly magnetic 
hydrothermal alteration or highly magnetic skarn 
mineralization associated with porphyry deposits. 
The use of geophysical methods in the search for 
copper porphyry deposits was discussed by Brant 
(1966) and Sumner (1970). The potassic altera- 
tion that accompanies porphyry copper deposits can, 
theoretically, be detectable by modern airborne 
gamma-radiation surveys (Moxham and others, 
1965). Electromagnetic surveys by ground or air 
are used in outlining massive sulfide deposits; 
induced-potential surveys are effective in locating 
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porphyries and other types of rocks that contain 
disseminated sulfides. The use of geophysical meth- 
ods in the search for massive sulfide ores is discussed 
by several authors in Morley (1970). 

Recent developments in geochemistry and geo- 
physics have made it possible to recover more in- 
formation from diamond drilling than simply the 
geology and copper assays of the core. Cheaper and 
rapid analytical methods, principally in spectros- 
copy, have made it more feasible to analyze large 
numbers of samples for many elements. Slight varia- 
tion in trace-element composition may be caused by 
metals dispersed outward from an ore body not 
intersected by the hole. Similarly, down-hole geo- 
physical instruments of many types have been 
perfected, enabling the geologist to extend his 
knowledge many feet beyond the walls of the drill 
hole. 


PROBLEMS FOR RESEARCH 


Figure 22 shows the relationship between the size 
and grade of ore deposits and copper production. 
Annual U.S. production is about equivalent to a 
deposit the size of Sierrita in Arizona, and annual 
world production is about equal to a La Caridad 
deposit or an average Zaire-Zambian sedimentary 
deposit. It is important to know if we are mining 
our copper deposits faster than we are finding them. 
During the last 10 years, U.S. mine production was 
about 13 million tons of copper (table 36). New 
porphyry copper deposits discovered and (or) 
brought into production during this 10-year period, 
listed by Peters (1970), will yield slightly more than 
14 million tons of copper. Assuming that several 
million tons of copper is known in other, less im- 
portant types of deposits and in some large but 
unannounced discoveries, it appears that, in the 
United States, exploration and development are 
ahead of production by a small margin. Worldwide 
exploration and development lead mine production 
by at least 28 percent, again using Peters’ list of 
discoveries. 

The last decade was notable for intense explora- 
tion activity in response to favorable political con- 
ditions and high copper prices. Moreover, economic 
geologists experienced a renaissance in geologic 
theory during this period, in which new approaches 
to problems of geochemistry, igneous and sediment- 
ary petrology, and tectonics were found and applied 
to ore deposits. However exploration geology is 
very sensitive to economic cycles, and there is rea- 
son to believe that this period of activity is over, at 
least temporarily (Colen, 1972). This stop-and-start 
exploration activity is extremely wasteful of human 


energy, and if we are to satisfy the long-term de- 
mand for metal in a future world in which ore 
deposits become increasingly more difficult to find, 
new ways of organizing exploration activities must 
be sought, especially long-range planning. 

Copper is a commodity for which a permanent 
worldwide shortage is not easily foreseeable, but 
even though the hypothetical and speculative re- 
sources may be very large, an enormous amount of 
geologic field work, analysis, and even intuition will 
be required to transform these resources into proven 
reserves. At the same time we must continue to 
develop our scientific knowledge in order to replace 
outdated exploration ideas with new ones. 

On the geological side of resource study, the need 
for geologic and geophysical maps as a base for min- 
eral exploration cannot be overemphasized. More 
specifically, additional efforts must be applied to 
mapping and other geologic studies of those parts 
of the United States that have the highest mineral 
potential. Southeastern Arizona is probably the 
richest copper province in the world, yet geologic 
mapping at a scale of 1:62,500 is complete for only 
27 percent of the area, and nearly half the province 
is unmapped. 

Large-scale metallogenic maps might be an effec- 
tive exploration tool in southeastern Arizona to 
detect the presence of deposits concealed beneath 
younger volcanic and sedimentary rocks. 

Lowell and Guilbert (1970) and others pointed 
out that almost all porphyry copper deposits have 
a peripheral zone of small veins of base and precious 
metals, manganese carbonates, and barite that may 
extend outward for several miles from the deposit. 
Careful mapping of these veins, including even the 
smallest mineral occurrences, and careful classifica- 
tion of them according to various mineralogic, struc- 
tural, textural, and genetic schemes may direct the 
exploration geologist to blind porphyry ore bodies 
or to those covered by later deposits. This mapping 
should be done at scales of 1:125,000 or greater 
depending on the complexity of the geology and 
spacing of the data points. Trace-element analyses 
of the veins and of mineral separates from them 
such as biotite or chlorite may aid in the interpre- 
tation. Studies of salinity and temperature of for- 
mation of fluid inclusions in the vein materials may 
show the geologist the direction toward the source 
of the mineralizing solutions. 
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ABSTRACT OF CONCLUSIONS 

Diatomite is a rock made of micrescopic porous shells of 
silica. Its principal domestic use is as a filtering material, for 
purifying water and various food processing and industrial 
fluids; other diverse uses include fillers, construction and 
insulating materials, and mild abrasives. United States and 
world resources of crude diatomite are adequate for the 
foreseeable future, but the need for diatomite near markets 
and for particular purposes encourages development of new 
sources for the material. Studies that relate the geologic 
setting and history of diatomite to the occurrence and prop- 
erties of the rock can help locate important undeveloped de- 
posits. 


INTRODUCTION 


Diatomite is a sedimentary rock composed mainly 
of the siliceous remains of diatoms, which are 
single-celled aquatic organisms that generally are 
classed as algae. Diatoms depend upon a form of 
photosynthesis; consequently they flourish only in 
sunlit waters. They develop frustules, or shells, of 
amorphous opaline silica (SiO.H.O) that com- 
monly are complexly perforated and bear ribs, 


spines, and bristles; the combined area of holes in 
the frustules generally ranges from 10-30 percent 
of the total area (Lewin and Guillard, 1963, p. 378). 
Many valuable properties of the rock depend upon 
the aggregate effect of the microscopically complex 
and chemically inert diatom frustules. Papers by 
Conger (1951), Lewin and Guillard (1963), Loh- 
man (1960), and Patrick and Reimer (1966) in- 
clude much general information about diatoms. 

Although the opaline silica of dead diatoms is 
soluble in most natural waters, the rate of solution 
is slow enough that siliceous diatom remains can 
accumulate under favorable conditions to form the 
substance of diatomaceous sediments and rocks. 
Rock composed .almost entirely of diatom frustules 
generally is called diatomite; the term implies ma- 
terial of commercial quality. Although unconsoli- 
dated diatomaceous sediments are not properly 
classified by the rock name “diatomite”’, both the 
rock and the sediments are considered together as 
a commodity because they both are sources of di- 
atom products. The names “diatomaceous mud- 
stone’, “diatomaceous siltstone’, and “diatomaceous 
shale” describe rocks that contain diatom remains 
along with a considerable amount of other sedi- 
mentary material; these rocks are of less commer- 
cial interest than the more nearly pure diatomite. 
The names “diatomaceous earth” and “kieselguhr” 
are synonymous with the term “diatomite’; the 
names “moler” and “moler earth” apply to impure 
diatomite produced in Denmark. The names “infu- 
sorial earth” and “‘tripoli” are used improperly for 
diatomite. Numerous trade names identify the di- 
atomite products of particular manufacturing com- 
panies. Papers by Calvert (1966), Conger (1942), 
and Lisitsyn (1967) describe the accumulation of 
diatomaceous sediments; papers by Cummins 
(1960), HEardley-Wilmot (1928), and Williamson 
(1966), and an article in Industrial Minerals (1969) 
summarize data on diatomite. 
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The most conspicuous features of diatomite are 
the light weight, high porosity, and whiteness of 
the material. Scanning electron microscope photo- 
graphs of diatomite show plainly the fine aggregate 
structure responsible for many remarkable prop- 
erties of the rock (Gillott, 1969, p. 104). Dry blocks 
of crude diatomite have an apparent density of 
20-40 pounds per cubic foot, only about half that 
of water, although the specific gravity of the opaline 
silica of diatom frustules is about twice that of 
water. Dry diatomite powder has an apparent 
density of only 5-16 pounds per cubic foot. Diatom- 
ite is highly porous, and the porosity increases with 
increasing temperature up to about 700°C. It has 
low thermal conductivity and the melting point 
ranges from about 1,400° to 1,750°C; certain im- 
purities lower the melting point considerably. The 
rock can absorb 114-3 times its weight of water; 
the absorptive capacity is increased when the com- 
bined water of the opaline silica is driven off by 
calcination. Diatom products also have useful ad- 
sorptive properties (Anderson and others, 1947). 
Diatomite has a dull earthy luster and generally is 
white or nearly white, although both impurities and 
water content affect the color. Diatomite ranges 
from massive to finely laminated and, ordinarily, 
it is easily friable. The opaline silica of diatoms has 
a hardness of 4—6 on the Mohs scale, but the rock 
itself has an apparent hardness of only 1.5 

Chemical analyses of diatomite generally show 70- 
90 percent SiO., 2-10 percent Al,0:, and variable 
but small percentages of Fe.0:;, FeO, TiO., P.O., 
CaO, MgO, Na.O, and K.0 (Cressman, 1962, table 
3; Cummins, 1960, table 1). 

The physical properties of diatomite vary con- 
siderably from one deposit to another and may vary 
from bed to bed in a single deposit. The varieties 
and commercial grades of diatomite depend mainly 
on (1) the kind and amount of impurities in the 
crude material, and (2) the aggregate effect of the 
shape, size, arrangement, and relative proportions 
of the constituent diatoms. The commercial value 
of diatomite generally is affected adversely by im- 
purities such as clay, volcanic ash, sand, carbonate, 
and organic matter. Also, the commercial quality 
of the material is lessened if the constituent diatom 
frustules are crushed or broken. 


USES 


Diatomite has hundreds of specific uses in 10 
principal categories: (1) filters, (2) fillers (see 
“Pigments and Fillers”), (3) insulating materials, 
(4) mild abrasives, (5) absorbents, (6) catalyst 
carriers, (7) reactive-silica source, (8) structural 
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materials (see “Lightweight Aggregates’), (9) 
additive or pozzolan for concrete, and (10) condi- 
tioner or anticaking agent. The first category, filters, 
accounts for more than half of the diatomite con- 
sumed in the United States—58 percent in 1969 
(West, 1971, table 2). Processed diatomite is an 
especially effective filter aid, or fine powder, that is 
mixed with a liquid to be filtered; the filter aid 
forms a continuously building porous cake on the 
filter medium and retards clogging of the filter 
pores by trapping impurities. The suitability of 
diatomite for filtration depends largely on the shapes 
and sizes of the constituent diatoms. Diatomite that 
contains a substantial percentage of long hairlike 
diatoms together with fragments of discoid diatoms 
generally is best for retention of fine impurities 
while allowing a high rate of flow; rock of this 
type is mainly of marine origin. Diatomite has a 
role in the purification and clarification of a host of 
chemicals, beverages, foods, pharmaceuticals, and 
other liquids. Its use in water purification expanded 
greatly following development of diatomite filters 
for military use’ during World War II. 

The chemical inertness of diatomite (readily solu- 
ble only in hydrofluoric acid and strongly alkaline 
solutions) makes the material especially useful as 
a filler, extender, or diluent in many products, in- 
cluding paints, papers, insecticides, plastics, and 
fertilizers. This second category of uses accounts 
for about 20 percent of the diatomite consumed in 
the United States (West, 1971, table 2). 


PRODUCTION 


The United States leads the world in diatomite 
production—followed by the U.S.S.R., Denmark, 
France, West Germany, and Italy—and is the domi- 
nant producer of filtration-quality material (West, 
1971). Both the United States and world production 
increased during the 20-year period 1949-68 (fig. 
23). The United States exports substantial amounts 
of prepared diatomite—176,000 short tons in 1969, 
valued at $13,510,000 (West, 1971, table 4)— 
mainly filtration-grade material. Although transpor- 
tation is a major factor in the cost of diatomite 
products, high-quality filter-aid material is exported 
regularly from the Western United States to Euro- 
pean and other distant markets. United States im- 
ports of diatomite are small—47 short tons in 1969 
(West, 1971, p. 484). 


GEOLOGIC ENVIRONMENT 
Diatoms are one of the chief agents by which 
silica is removed from solution in marine and fresh 
waters; their role as consumers of dissolved silica 
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FIGURE 23.—Estimated diatomite production, 1948-68, 
adapted from production figures and estimates by the 
U.S. Bureau of Mines (1958-71). The pronounced upturn 
in the world production curve between 1956 and 1960 
mainly reflects increased production figures for Denmark 
and France and larger production estimates for the 
U.S.S.R. 


and the concentration of biogenous silica in their 
accumulated remains are major factors in the silica 
balance of most water bodies. Diatoms live in nearly 
all aquatic environments, but they form thick pure 
deposits only where they flourish for a considerable 
time away from contaminating sediment sources. 
Preservation of the siliceous parts of diatoms may 
be favored in sediments high in organic matter 
(Berger, 1970, p. 1887); also, the inclusion of di- 
atoms in fecal pellets may enhance the chance of 
preservation of diatom frustules because the mem- 
brane that encases a pellet protects the frustules 
from dissolution, and the pellets speed the fall of 
frustules through the water column (Schrader, 1971, 
p. 56-57). 

Because diatoms growing in abundance soon de- 
plete the silica supply of near-surface water, sus- 
tained diatom production depends on continued 
renewal of silica-rich water to the surface. The 
interaction of many factors determines the abun- 
dance of diatoms at any particular place and time, 
but commonly diatoms proliferate in marine areas 


of upwelling, in lakes on volcanic terranes, and in 


lakes in areas that had Quaternary glaciers. Al- 
though marine diatomite commonly is associated 
with volcanic rocks (Bramlette, 1946, p. 39; Khvo- 
rova, 1968, p. 111; Taliaferro, 1933, p. 36), at some 
places oceanic circulation alone supplies sufficient 
silica to account for thick accumulations of diatoma- 
ceous sediments without requiring introduction of 


193 


additional silica from nearby volcanism (Calvert, 
1966, p. 593). The beneficial effects of an ash fall 
on the diatom population of a modern lake have 
been shown (Kurenkov, 1966, p. 429), but silica 
seldom is a limiting factor in diatom production in 
lakes except during intensive diatom blooms 
(Schelske and Stoermer, 1971, p. 423). Papers by 
Gregor (1968), Grill (1970), Harriss (1966), 
Krauskopf (1956), and Siever (1957) consider the 
role of biogenic silica in maintaining the silica con- 
centration of natural waters. 

Marine diatoms occur in rocks as old as Mesozoic, 
but with some notable exceptions (Hanna, 1927), 
thick deposits of marine diatomite are middle Ter- 
tiary or younger. Nonmarine diatoms occur in rocks 
as old as late Hocene (Lohman and Andrews, 1968), 
but most nonmarine diatomite deposits are late 
Tertiary or Quaternary. The lack of more ancient 
diatomaceous rocks may be due partly to conversion 
of the opaline silica of diatom frustules to other 
forms of silica (Ernst and Calvert, 1969, p. 131). 
Marine Tertiary porcelaneous rocks that occur in 
great thicknesses in California almost certainly 
represent altered diatomaceous rocks (Bramlette, 
1946, p. 50; Lohman, 1960, p. 184-185). 

Economic diatomite deposits are of three main 
types: (1) marine rocks that accumulated near con- 
tinental margins, (2) nonmarine rocks that formed 
in lakes or marshes, and (3) sediments in modern 
lakes, marshes, and bogs. Diatomite deposits near 
Lompoc, Calif. (Industrial Minerals, 1969, p. 14-16, 
17, 37; Mulryan, 1936), exemplify the first type; 
this material formed in a shallow-marine environ- 
ment in late Tertiary time. Similar marine diatomite 
deposits occur elsewhere in coastal California, and 
less pure marine deposits occur extensively in Mary- 
land and Virginia. Diatomite deposits that formed 
in lakes or marshes in Nevada, Oregon, Washington, 
and eastern California represent the second type, 
and diatomaceous sediments in modern lakes, 
marshes, and bogs in Florida, New Hampshire, and 
New York (Conger, 1939) belong to the third type. 
Modern marine sediments are a potential fourth 
source of diatoms. 


PROSPECTING TECHNIQUES 


Prospecting for diatomite involves first outlining 
of areas that contain stratigraphic sequences likely 
to include diatomaceous strata—for example, the 
Tertiary and Quaternary lake basins of the Western 
United States, or the Miocene marine basins of 
coastal California—followed by examination of out- 
crop sections in these areas. After diatomite is 
found, the initial reconnaissance is followed by 


194 


trenching and drilling to determine the size of the 
deposit. Local high-precision surface gravity surveys 
may be a promising tool for delineating concealed 
deposits under some circumstances. Because the di- 
atomite in a deposit may vary considerably, espe- 
cially from bed to bed, a deposit must be sampled 
carefully throughout its thickness to determine the 
quality and potential use of the material. Micro- 
scopic examination of the rock may be necessary to 
distinguish diatomite from volcanic ash or from 
some porcelaneous rocks. 


RESOURCES 


Diatomite resources are difficult to describe be- 
cause diatomaceous rocks underlie large areas and 
include strata of various qualities; even the re- 
sources of California, the principal producing area 
in the United States, have never been computed 
and classified according to grade. However, diatom- 
ite resources of the United States obviously are 
more than sufficient for many years to come, even 
allowing for a steady increase in diatomite produc- 
tion. The abundance of the material is evident, for 
example, if the deposit controlled by one diatomite- 
producing company at Lompoc, Calif., is cansidered. 
This deposit has been described as covering an area 
of 3-4 square miles and being workable to a depth 
of 700 feet (Industrial Minerals, 1969, p. 14), 
which suggests that it could supply world needs for 
diatomite at the current rate of consumption for 
several hundred years. On the other hand, factors 
such as proximity to markets and suitability of the 
material for specific uses enter into the evaluation 
of diatomite resources; the location and quality of 
diatomite deposits seem to be greater factors in the 
economics of diatomite production than is the 
amount of material available. 


PROBLEMS FOR RESEARCH 


The areal and geologic occurrences of diatomite 
generally are well known, but conditions that affect 
the thickness and quality of deposits are imperfectly 
understood. Postdepositional circumstances that 
affect the quality of diatomite also are uncertain. 
Clearly, geologic work on diatomite should involve 
not only the location and classification of deposits, 
but also should relate the physical features of di- 
atomite to the geologic history of the rock to aid 
in the discovery of deposits for particular purposes. 
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ABSTRACT OF CONCLUSIONS 


Commodities derived from evaporite and brine deposits in- 
clude potassium and magnesium compounds, salt, gypsum and 
anhydrite, calcium chloride, sodium carbonate and sulfate, 
nitrates, boron, strontium, bromine, and iodine. World and 
national resources of most evaporite minerals are very large. 
Some of these resources are adequate for a few centuries at 
present rates of consumption; others are adequate for 
thousands of years; still others are virtually unlimited. 
Very probably within the next several hundred or few 
thousand years, no evaporite resources will be exhausted or 
will increase greatly in cost. 

Evaporite resources of the United States are large. Un- 
limited supplies of nitrates, bromine, and magnesium are 
available from air and sea water. Resources of salt and 
sodium carbonate appear adequate for thousands of years 
at present consumption rates. Known supplies of gypsum and 
anhydrite, sodium sulfate, borates, strontium, iodine, and 
calcium chloride should be adequate for hundreds of years. 
Known domestic resources of potassium compounds may be 
exhausted in 100 years at present consumption rates, but 
Canadian resources are sufficient to fulfill requirements of 
North America for thousands of years. 

At present world consumption rates, known world re- 
sources of potassium salts in marine evaporites are adequate 
for 5,000 years, and resources of salt, gypsum, magnesium, 
and calcium chloride are virtually unlimited. Nonmarine 
evaporites provide known resources of sodium carbonate 
adequate for thousands of years, sodium sulfate and stron- 
tium for hundreds to thousands of years, and borates, ni- 
trates, and iodine for hundreds of years. Brines from wells, 
lakes, and the ocean provide resources of iodine, bromine, 
and calcium chloride adequate for hundreds of years. Sea 
water and air are unlimited and currently are practical 
sources of magnesium and nitrogen. 


INTRODUCTION 


Evaporites and brines are the main source of sev- 
eral industrial and agricultural minerals important 
to the U.S. economy. Their aggregate annual value is 
about two-thirds of a billion dollars. Some of the 
minerals are important because of properties at- 
tributable to one element in the compound, others 
because of the properties of the compound itself. The 
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valuable components of nearly all of these materials 
were at one time dissolved in large bodies of water. 
Their present geologic settings reflect the one or 
more processes by which those dissolved components 
were concentrated or crystallized into deposits that 
can, or might be, commercially exploited. 

Some of the commodities described in this chapter 
come from more than one type of evaporite or brine 
deposit. The largest quantities, however, generally 
come from one of three types of deposits that have 
fundamentally similar geologic histories. Potassium 
compounds, salt, gypsum, and anhydrite mostly come 
from sediments formed by the evaporation of sea 
water during the geologic past. Sodium carbonate, 
sulfate, borate, nitrate, and some iodine and stronti- 
um compounds come from sediments and near-sur- 
face brines formed by the evaporation of inland 
bodies of water. Bromine, iodine, calcium chloride, 
magnesium, and magnesium compounds are mostly 
extracted from brines derived from sea water, wells, 
and inland salt lakes. Lithium is also extracted from 
brines, but is discussed in a separate chapter. 

The existing quantities of evaporites and brines 
provide theoretical resources that are much larger 
than the amounts that.are likely to ever be used. It is 
difficult, however, to predict this limit. This is true 
of all commodities, but some unusual factors are 
involved in assessing commodities extracted from 
evaporites and brines. One factor is that some com- 
modities can be derived from both evaporites and 
brines. Future resources of these commodities are 
thus represented by extremely diverse forms of 
“ore” which may vary in grade by one or two orders 
of magnitude. Obviously, they require quite different 
technologies for processing and therefore very dif- 
ferent bases for projecting future use. Brines, in 
essence, are very low grade ore bodies that are ex- 
ploitable only because they are very large and can be 
inexpensively processed. Many brines contain less 
than 5 percent of the desired substance, and some 
contain only a few tenths or hundredths of a per- 
cent. Solid salts, in contrast, are generally mined 
from very high grade ore bodies; operating potash 
mines normally extract ore containing more than 20 
percent potassium mineral, and salt, sodium carbon- 
ate, and borate mines normally extract ore that is 
75-95 percent mineral. 

Another reason that resources of commodities ob- 
tained from evaporite and brine deposits are difficult 
to assess is that the price is determined largely by 
the cost of transporting the commodities to markets. 
Deposits nearest rail and highway systems now have 
an advantage over those that are more remote; de- 
posits near seaports have advantages over all others 
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in shipping to some domestic and most international 
markets. Proximity to markets and efficiency of 
transportation will probably remain important fac- 
tors in the economic potential of most deposits, but 
consideration of these factors is beyond the scope of 
this study so cannot be included in its conclusions. 

Still other uncertainties must be considered in the 
evaluation of the resources of certain commodities. 
Some are compounds, not elements, and new techno- 
logical developments may provide ways in which 
some of them can be synthesized from abundant and 
low-cost sources of their ingredients. Still others are 
present in significant amounts in sea water, and new 
processes may someday allow them to be extracted 
from it; sea water would then be an unlimited source 
of those commodities. 

In the following discussion, the geologic settings of 
evaporite and brine deposits are first outlined. Com- 
modities derived from evaporites and brines are then 
described individually so that their uses, production, 
economics, geologic settings, and known resources 
can be outlined. Speculation follows as to the outlook 
for existing but undiscovered resources of geological- 
ly related commodities; future resources are dis- 
cussed in genetically related groups because evalua- 
tion of them is based more on their general char- 
acter and on the prevalence of broadly favorable 
areas than on specific targets. Salient problems and 
examples of the research necessary to help solve 
them are suggested in the final section. 


GEOLOGIC SETTING OF EVAPORITE AND 
BRINE DEPOSITS 


The deposits that serve as sources of commodities 
derived from evaporites and brines are grouped in 
this chapter both by the geologic setting in which 
they originated and by their present form. Crystal- 
line deposits are separated into two groups according 
to their marine or nonmarine origin; surface and 
subsurface waters containing unusual quantities of 
valuable inorganic components are combined into a 
group called brines, regardless of their probable geo- 
logic origin. Although deposits within each group dif- 
fer in many respects, they have features in common. 
The following summaries emphasize the common fea- 
tures but also note some of the differences. 


MARINE EVAPORITES 


The group of sedimentary rocks known as marine 
evaporites consists of halite, gypsum, anhydrite, and 
commonly some interbeds of limestone and dolomite. 
Some limestone and either gypsum or anhydrite are 
present in all major and many minor evaporite basins 
of the United States (fig. 24, table 42) ; halite and 
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FIGURE 24.—Marine evaporite deposits of the United States. 
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TABLE 42.—Marine evaporite deposits of the United States 


[Evaporite minerals are gypsum, G; anhydrite, A; halite, H; polyhalite, P; and the bittern salts of potassium and magnesium (chiefly sylvite, car- 
nallite, and langbeinite), S. Thicknesses are approximate and include nonevaporite rocks] 


Evaporite 
Minerals present Thickness Evaporite 
Age and unit or formation (feet) Area mineral 
(Gea Heer, Ss recovered 
Tertiary: 
Muddy Creek Formation --------------__---___ KM OG Foes as 1,200 Western Arizona shelf (western Arizona, Gypsum. 
southern Nevada). 
Evaporite-bearing rocks, undifferentiated _______ a ye ees ees 2, 0005 Central merAri Zon nile ears eee Halite. 
Gypsum-bearing rocks, undifferentiated ________ eT EEG a ae 400 Various places in Coast Range and Mohave Gypsum. 
Wesert (southern and central Calitornia). 
Cedar Keys) Limestones= =~ = ees ee ee as” oe NES SBS wes 1,000 South Hloxidayshelf (Mlorida)) yas =e ane ee 
Cretaceous: 
Gypsum-bearing rocks, undifferentiated _________ 5 Se a ee 100(?) Western Arizona shelf (southern Nevada) -_ 
Beds of Trinity, Fredericksburg, and EET EXE Woe: ck 4,200 iloridapshelfas (Hori da) eee ene 
Washita age. 
erry ‘GakeWAnhydrite’ —“2==-oeee ene ee oS eS ese: ao 200 Gulf Region (eastern Texas to Alabama) -_ ---------- 
Hell to Finish Formation of Zeller (1958, 1965)-- X XxX -- -- - 100(?) Northwestern shelf of Chihuahua trough = ~~ ---------- 
(southwestern New Mexico). 
Cretaceous(?) or Jurassic(7?): 
‘Horte pierce! Hormationy == === == =a= eee ene co OS Ss oh oo 1,800 South’ Hlorida shelf (Florida) ------------=  222--2=52= 
Jurassic: 
Madilto: Limestone) —a sesso see ee eae XM se ec ce S85 100 Lacustrine(?) basin (northwestern 
New Mexico). 
Malone, Kormation) ==-s= =e saa eee EO SS SS! co 25 Chihuahua trough (western Texas) --___--- 
Minas Viejas Group of Mexico - XO OS ee BS Ae 1,500 Rio Grande embayment (southern Texas) --_ 
Buckner hormationy (ones ee oS ON oe eet Ses 150 Gulf region (eastern Texas to Alabama) ____ -------_-- 
Werner Formation and Louann Salt PS PSL oes eS 4,000+ Gulf region (Texas to Alabama and Florida Gypsum, 
(Jurassic age uncertain). Panhandle). halite. 
Curtis, Summerville, and Wanakah Formations _. X xX -.- =. -- 150 Utah shelf (central and southwestern Utah = = = ----__---- 
and western Colorado). 
Preuss’ Sandstone: ~22=-2s22 95s = eee ee ee XP Oe Xe nae gee 700 Western Wyoming-Idaho trough (northern  — ---------- 
Utah, southeastern Idaho, and south- 
western Wyoming). 
Carmel Formation OM, Gas) coe ee 150 Utah shelf (central and southwestern Utah)-. ---------- 
Arapien Shale =o 9— 223 gee eee eee KP OS Nee = 200+ Utah shelf (central Utah) -----------_----__ Senne 
ite. 
Twin ‘Greek: Limestone: ---------- eae eee ae OX) CES See SS 100 Western Wyoming trough (Wyoming and ~—~— ---------- 
Idaho). 
Piper ‘Kormation (2-22-22 s ae ce ees KEK Vos aS ee 125 Northern Rocky Mountain shelf (Montana)-_ Gypsum 
GypsummSpring Ss Hormation) see aseesee ene OK. Weel 126 Williston basin and southwestern shelf Gypsum 
(Montana, North and South Dakota, 
and Wyoming). 
Triassic: 
Gypsum-bearing rocks, undifferentiated -______ 2 e5 co co 7 Cordilleran eugeosyncline (northwestern Gypsum. 
Nevada, central-eastern Oregon, and 
western Idaho). 
Moenko pig MOnmM ations =a eee XS vege 600 Western Arizona shelf (southwestern Utah, ---------- 
northwestern Arizona, and southern 
Nevada). 
Triassic and Permian: 
Goosen ber hormationy esses seen ae eee URS SANE a 300 Northwestern shelf of Denver basin (Wyom- Gypsum. 
ing and Colorado). 
Spearfishy hormation sass === —sene eee eee KS OO estes 400 Williston basin (Montana and North and -~—_---------- 
South Dakota). 
Triassic(?) and Permian: 
Eiykins\’Kormation) s22-=2206e== eee ee eee ot RK eee ta ab 150 West side of the Denver basin (Colorado) --_ Gypsum 
Permian: 
Rustler, Salado, and Castile Formations _-______ XG SK ES EX BSS 4,100 Southern Permian basin (New Mexico and Sylvite, 
Texas). halite 
PAT; Ces 1a GU OUD ee SO XARX ede 1,100 Northern and western shelf of Delaware basin ---------- 
(New Mexico). 
Axtesia Grou Diee= === Sa ee Sere ee SRE Oe) See ee 1,100 Eastern shelf of Permian basin (Texas) ---- ---------- 
SanjeAndres)/ Limestone: {=== 92 222 <= 2s aes XO Dy 1,000 Central Permian basin (Texas and New ~—_ .--------- 
Mexico). 
‘Bisine (Mormation! =ss2- 2 s9s-— 2s saeea eee SOM | Sp ae 300 Northern and eastern Permian and Anadarko Gypsum 
basins (Kansas, Oklahoma, and Texas). 
Brigesstormation) == 22-— Sasa ee ee SC Sa Fa Bean es 600 Diablo) platform i\(exas) Wen see ee 
Pequop and Loray Formations of Steele (1960)-. XK ™@& _-_  -.  -_ 500 Cordilleran miogeosyncline (eastern Nevada  ---------- 
and western Utah). 
Undifferentiated saline-bearing rocks of Ss Re Wes) oS 800 Western Arizona shelf (western Arizona and Gypsum 
Permian age. southern California). 
Kaibab) “uimestone: 222252582 225-o0 2 eee eee SEE aes ee 300 Western Arizona shelf (southern Nevada, = ~---------- 
southwestern Utah, and western Arizona). 
Toroweap) ormation\es 222s = oes ee oe Ss a te «ak ee 400 Western Arizona shelf (southern Nevada, = ---------- 
southwestern Utah, and western Arizona). 
Opeche: Shale: 22=-=- 22222252 b= os- oaeaS oS ATR Cra) <0 ae ee 250 Williston basin (Montana and North and -~—_—---------- 
South Dakota). 
Wesoehormation) 252s = — oe oe oe ell la Gee ie 1,000 Northwestern shelf of Delaware basin = -~-------- 
(New Mexico). 
Clear Fork Group and Flowerpot Shale -__-__- SX SEE ca KE 1,500 Northern and central Permian basin (Kansas, ---------- 
Oklahoma, Texas, and Colorado). 
Epitaph Dolomite and equivalents -----------_- SCS A 8 es oak 300 Sonoran trough (southeast Arizona and ~~ -_-------- 
southwestern New Mexico). 
Wichita and Wellington Formations Northern and central Permian basin and Halite, 
Hennessey and Ninnescah Shales __ Oy ASS Lees 800 { Anadarko basin (Kansas, Nebraska, Colo- gypsum. 
Stone Corral Formation _________ rado, and Olkahoma). 
‘Abo! Formation »—- 625 2 228 eee ee Saree ee Et 200 Northwestern shelf of Delaware basin = = ---------- 
(New Mexico). 
Sopa ehormation (eee eee oe ee ee ee Cia SAMS Geat es NS 1,000 Shelf" (east-central! Arizona) 2-2-0 eo eee eee 
Pakoon Limestone of McNair (1951) _ Sat Keio oe Seis Wate 200 Western Arizona shelf (southern Nevada) -_ ---------- 
Waslyz) Creek: Shale = ose see ee ee eee eee x x NM eN | So 20 Northern Permian basin (Kansas) -----_---_ Gypsum 
Permian (7): 
Fort Dodge Gypsum of McGee (1884) --------_- Da Fe ee 60 Northeastern shelf of Forest City Gypsum 


basin (Iowa). 
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TABLE 42.—Marine evaporite deposits of the United States—Continued 
Evaporite 
minerals present Thickness Evaporite 
Age and unit or formation (feet) Area mineral 
GPAs CHE Ss recovered 
Permian and Pennsylvanian: 
Minnelusa Formation -------------------------- XM SM 25 se 450 Denver and Williston basins (Colorado, = = ---------- 
Nebraska, North and South Dakota, 
and Montana). 
Wells Formation =s OS coe se 100 Southeastern ldaho and northern Utah --_--_ ---------_ 
Panther Seep Formation <a Mey eee 100 Oro Grande basin (southern New Mexico) --_ ---------- 
Pennsylvanian: 
Hermosa Formation -------~------------------ SK EK, (KE SE eX 5,000 Paradox basin (Colorado and Utah) --------- Sylvite, 
halite. 
Eagle Valley Evaporite ------__---------------- SODAS LSC GSK, 1,000 Eagle basin (western Colorado) --------__-__ ---------- 
Mississippian or younger: 
Gypsum-bearing rocks, undifferentiated ------~-- SS ee 50 (7) Condilleran eugeosyncline (Chichagof Island, §_ ---------- 
aska). 
Mississippian: 
Big Snowy Group (of formation rank in SW a 50 Northern Rocky Mountain shelf (Montana, ---------- 
Montana and Idaho). Idaho, and Wyoming). 
Ottenmbonmation tose se eee eee SC hr los a ete Bee 50 Williston basin and Northern Rocky Moun- — ---------- 
tain shelf (Montana and North and South 
Dakota). 
Kihbeymbonmation tes ee. —- see eee ene SC KE PE ee 200 Williston basin and Northern Rocky Moun- ~~ --_----_-__ 
tain shelf (Montana and North and South 
Dakota). 
Gharles) Hormationge.=-=— = 2 ee Jali uoxget Tr: 800 Williston basin and Northern Rocky Moun- — ---------- 
tain shelf (Montana and North and South 
Dakota). 
Warsaw and St. Louis Limestones -------~_--_- SC? OSGI EEE eee 125 rien shelf of Forest City basin Gypsum. 
owa). 
St. Louis Limestone -- SOX Gates 2 == 200 Illinois basin (Indiana, Illinois, and Do. 
Kentucky). 
Maccrady Shale ---_- Xel DOR Xt 250(?) Appalachian basin (Virginia) --_--_--_---_- STERN 
alite. 
Machivanw Wormatione eos ne = ee a SG tl) ee ee 450 Michigan basin (Michigan) -----_--_--__-__ Gypsum. 
Devonian: 
Three Forks Formation and Potlatch Anhydrite. -- X -- -- -- 480 Northern Rocky Mountain shelf (Montana)__ ---------- 
Souris River Formation ---__------------------ a2. x eet 200 Williston basin (Montana and Northand ~— ---------- 
South Dakota). 
BrainiemOnmat ion lees ee eee K XK KASS 600 Williston basin (Montana and North and (Halite and 
South Dakota). sylvite re- 
covered in 
Canadian 
section of 
basin). 
Cedar Valley and Wapsipinicon Limestones --__- 341 6 Kay heey ES c= 300 Npsthessien shelf of Forest City Gypsum. 
asin owa). 
Detroit River Group (of formation rank in edu Dh es et 1,100 Michigan basin (Michigan, Ohio, and Halite. 
Indiana according to Shaver and others, 1970). Indiana). 
Silurian: 
SalinawMormationwes-—<9 2-5 - eee een nee an Ke Ue 4,000 Appalachian and Michigan basins (New Gypsum, 
York, Pennsylvania, West Virginia, halite. 
Ohio, and Michigan). 
Silurian and Ordovician: 
Interlake Formation -------------~-------------- =a? OX ee eee 50 Williston basin (Montana and North and ~—_—---------- 
South Dakota). 
Ordovician: 
Red River, Stony Mountain, and Stonewall of Pee Potters, beote (eS 200 Williston basin (Montana and North and ~~ ---------- 
Kindle (1914) Formations. South Dakota). 
Joachim Dolomite equivalent -----------_--_--- SHOOT EP ag 2 85 Mlinois basin (illinois) je ee 
Precambrian: 
Grenville@ Series) essa en ee ee CNG ES ESS = 200 Northwestern Adirondack Mountains (New — ---------- 


York). 


potassium minerals are present in some. Evaporites 
typically form stratified rock units that extend tens 
and even hundreds of miles and attain thicknesses of 
several thousand feet (Pierce and Rich, 1962; With- 
ington, 1962). Many deposits occupy areas that were 
part of the continental shelf and that extend into 
areas that were part of an adjacent synclinal trough. 
Locally, along the continental margin and elsewhere, 
great masses of halite and associated evaporites have 
intruded overlying sedimentary strata to form salt 
domes and other diapiric structures. Both bedded and 
domal deposits of marine evaporites are known to 
contain potassium ores, and they are also important 
sources of gypsum, anhydrite, salt, sulfur, and other 
commodities (Stewart, 1963; Braitsch, 1971). 

All marine evaporites are thought to have been 
formed by evaporation of sea water in barred basins 


or on broad shelf areas where circulation was re- 
stricted. The dominant rocks formed in this manner 
were limestone, dolomite, gypsum or anhydrite, 
halite, and the rocks containing potassium minerals. 
Within most evaporite basins, these rocks are ar- 
ranged in broad belts or facies that reflect the chang- 
ing depositional environment between open sea and 
land; limestone or dolomite facies lie in the areas 
that contained the least saline water, and they grade 
into gypsum or anhydrite facies, then to halite 
facies, in areas that contained successively more 
saline waters. Red beds commonly represent the 
nearshore accumulation of clastics. Economic con- 
centrations of potassium minerals represent the final 
stage of evaporite deposition and wherever present 
lie within the halite facies (Mattox and others, 1968; 
Hite, 1970). 
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Examples representing virtually all possible dis- 
tributions of evaporite facies are found in evaporite 
basins of the United States. Potassium minerals 
typically occupy only a small part of a basin and are 
relatively rare; only 7 of the 69 marine evaporite 
deposits listed in table 42 are known to contain 
potassium minerals. Halite facies are found in 28 of 
the 69 deposits listed in that table. Gypsum or anhy- 
drite facies are found in all. 


NONMARINE EVAPORITES 


Nonmarine evaporite deposits include near-surface 
saline minerals (and associated brines) in Quater- 
nary dry lakes, and bedded crystalline deposits in 
continental Tertiary formations. Pre-Tertiary de- 
posits are known, but are rare and much less im- 
portant. All are geologically similar in that they 
formed by evaporation of lakes in closed basins. The 
geologic requirements for such deposits are: (1) 
development of a closed basin that prevents the com- 
ponents dissolved in the waters from escaping to the 
sea, and (2) an original mixture of dissolved com- 
ponents that evolves by means of successive crystal- 
lizations into a concentrated brine that precipitates 
valuable salts. 

Basins having no external drainage are mostly 
rroducts of faulting or warping. To persist, they 
require a tectonic setting that will either lower the 
floor of the basin faster than sedimentation can raise 
it or elevate barriers across possible outlets faster 
than erosion can destroy them. Most, but not all, 
closed basins today are in arid or semiarid areas 
where sedimentation rates are low. Comparable 
basins in the geologic past probably had a similar 
climatic setting. 

For valuable evaporite deposits to form in a closed 
basin, however, enough water must have flowed into 
the basin to introduce large quantities of salts. This 
requirement greatly limits the number of highly 
favorable environments because arid basins generally 
receive large volumes of water only where they ad- 
join high mountain ranges or are the terminus of 
integrated drainages from adjacent less arid regions. 
Even when these conditions are satisfied, most 
waters will not evolve through natural evaporation 
into a lake containing a valuable mix of components. 
The most favorable source waters for a sodium car- 
bonate deposit, for example, come from springs or 
from rivers draining volcanic terrane, although met- 
amorphic and some other igneous terranes are suit- 
able. Apparently a sodium carbonate lake cannot be 
formed by evaporation of calcium bicarbonate wa- 
ters from limestone terrane, of sulfate waters from 
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sulfide deposits, or of chloride waters from marine 
evaporites (Eugster, 1971, p. B46). 

The minerals deposited depend upon the composi- 
tion and temperature of the brine at the time of 
crystallization. Normally, saline minerals are formed 
in a sequence that is determined by their solubility 
in the particular chemical and physical environment 
provided by the lake. Studies of sodium carbonate 
deposits, for example, find that these minerals gen- 
erally crystallize after the calcium-bearing minerals 
and before the sodium sulfate and chloride minerals, 
although the sequence varies. The species of carbon- 
ate mineral formed depends on the partial pressure 
of dissolved CO, in the brine. If the brine is in equi- 
librium with the partial pressure of CO, in the at- 
mosphere, trona (Na;,CO;: NaHCO;:2H.0) is formed ; 
if the partial pressure is higher because of organic 
activity, nahcolite (NaHCO,) is formed; if lower, 
natron (Na,CO;-NaH.O) is formed (Bradley and 
Kugster, 1969). Because of diagenesis after burial, 
the carbonate mineral constituting the final deposit 
tends to reflect the CO, pressures in the accumulat- 
ing bed of minerals rather than in the open lake 
waters. 


BRINES 


Many of the brines that are exploited commercially 
contain abnormally large amounts of bromine, iodine, 
calcium chloride, and magnesium. The geologic 
processes that result in such brines have long been 
debated and are not well understood today. Probably 
several processes were operative inasmuch as the 
brines come from diverse geologic settings; some of 
the brines are pore waters in oil fields, some are 
deep-well brines from marine salines or rocks per- 
ipheral to them, some are from thermal springs or 
wells, and some are surface or subsurface brines that 
were associated with Quaternary salt lakes or seas. 
The geologically old and deep-well brines were proba- 
bly produced chiefly during diagenesis by the inter- 
action of pore fluids with clays and possibly with 
other components of clastic rocks that act as ionic 
filters; some of the fluids may have originally been 
sea water of normal salinity although most were 
probably bitterns from marine evaporites (White, 
1957, 1965; White and others, 1963; Rittenhouse, 
1967; Collins and others, 1967). Quaternary brines 
that contain abnormally large amounts of bromine 
and other substances are products of natural evapo- 
ration of dilute river and spring waters that mostly 
originally had unusually high ratios of these com- 
ponents (Bentor, 1961; Livingstone, 1963; Jones, 
1966; Hardie and Eugster, 1970). 
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KNOWN RESOURCES OF EVAPORITES 
AND BRINES 


POTASSIUM COMPOUNDS 


Potassium (commonly referred to as its oxide, 
“potash,” K.O) is a plant nutrient that is essential 
to maintain and expand food production for both 
man and animal. About 95 percent of the potassium 
compounds produced in the world are used as fer- 
tilizers; the remaining 5 percent are used in manu- 
facturing drugs, dyes, and chemical reagents (U.S. 
Bur. Mines, 1970). Polyhalite (2CaSO,:K.SO.,:-MgSO, 
-2H.O) deposits in New Mexico and Texas are not 
now used, but may someday be, as a combination soil 
conditioner and fertilizer ; coarsely ground polyhalite 
in contact with water forms solutions containing 
potassium, magnesium, and sulfate, and leaves gyp- 
sum as a Soil-conditioning residue. 

World production of potassium compounds in 
1970-71 was equivalent to 17.8 million tons of K.O, 
and production capacity is considerably larger. East- 
ern Europe supplied 37 percent of this quantity; 
North America, 31 percent; Western Europe, 27 per- 
cent; and South America, Africa, and Asia, the bal- 
ance. Countries providing major sources are the 
U.S.S.R., East Germany, West Germany, France, 
Canada, and the United States. Israel, Spain, Italy, 
China, Chile, and Congo (Brazzaville) provided small- 
er amounts. Potash-producing facilities are under 
development in Australia and the United Kingdom 
(Eilertsen, 1971; Lewis, 1970b; British Sulphur 
Corp., 1971). 

In the United States in 1970, potassium compounds 
were produced by 18 companies which operated 
plants in five States. About 87 percent of production 
in the United States comes from crystalline deposits 
in southeastern New Mexico and eastern Utah; the 
remaining 13 percent comes largely from brine op- 
erations in northwestern Utah, California, and Michi- 
gan. Production declined from a maximum of 3.3 
million tons of K,O equivalent valued at $122 million 
in 1966 to 2.7 million tons valued at about $71 million 
in 1970 (Lewis, 1970b). This decline is expected to 
continue as the domestic industry faces serious prob- 
lems of dwindling reserves of high-grade ores and 
loss of markets to Canadian sources of supply. 

Sources of potassium compounds in the United 
States and elsewhere in the world are of two main 
types: (1) crystalline deposits of saline rocks of 
marine origin containing sylvite, langbeinite, and re- 
lated potassium minerals, and (2) concentrated 
brines from wells or in relict lakes and lacustrine 
sediments of continental origin in arid regions. The 
crystalline deposits are by far the richest in potassi- 
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um and the simplest to exploit; the concentrated 
brines are lower grade but generally allow production 
of other substances such as sodium carbonate, sodi- 
um sulfate, borates, magnesium, lithium, or bromine 
as coproducts of the potassium compounds. 

Most potassium ores in marine evaporite deposits 
have the potassium concentrated in sylvite (KCl) or 
a potassium-magnesium mineral, and all occur with- 
in the sodium-rich (halite) facies of evaporite de- 
posits. Although not now considered ore, large and 
nearly pure deposits of the potassium mineral poly- 
halite (K,MgCa,.(SO,),:2H.0O) occur in or near the 
calcium-rich facies of evaporite deposits. In North 
America, polyhalite deposits occur only in south- 
eastern New Mexico and western Texas near the 
boundary of the halite and anhydrite facies. 

The greatest concentrations of sylvite in most 
evaporite basins are in tabular bodies that may be 
primary or replacement in origin. Such deposits are 
mostly tens of feet thick and several square miles 
in area, and generally contain at least twice as much 
halite as sylvite. Smaller concentrations of sylvite 
(or carnallite) occur in markedly discordant replace- 
ment lenses and veins that contain little or no halite. 
Both types of concentrations ordinarily have sharp, 
clear-cut boundaries (Jones and Madsen, 1968). 

Brines are also a source of potassium compounds 
in the United States. Most productive brines are from 
inland lakes but some are from deep wells. Most al- 
low production of other commodities along with the 
potassium salts so that the costs of processing are 
shared, a practice that contributes to the commercial 
feasibility of such low-grade sources of the element. 
In other respects, however, brines that yield potassi- 
um have little else in common, either geologically or 
chemically. Production from California is from alka- 
line near-surface brines in an upper Quaternary sa- 
line deposit; Utah production is from nearly neutral 
surface waters of a saline lake; Michigan production 
is from acidic deep-well brines; production from 
Israel is from brines in the Dead Sea. 

Exploration for potassium deposits is difficult be- 
cause the deposits are soluble and consequently do 
not crop out at the surface. Before extensive drilling 
for petroleum, potassium deposits were mostly en- 
countered accidentally in mines being worked for 
salt. Analysis of near-surface brines from relict lakes 
has been used with some success to locate exploitable 
deposits in arid regions, but it has not been used 
with success elsewhere. Analysis of cuttings, cores, 
and gamma-ray and other logs from exploratory 
boreholes drilled primarily for petroleum has been 
responsible for most potash discoveries in recent 


204 UNITED STATES MINERAL RESOURCES 


years, and the recognized association of petroleum 
and evaporites means that a high percentage of 
basins favorable for evaporites in North America 
have been explored by oil companies (Buzzalini and 
others, 1969). The potash deposits in southeastern 
New Mexico, eastern Utah, and southern Saskatche- 
wan—mines which now supply roughly one-third of 
all the world output of potassium compounds—were 
discovered in this way. 

Many geologic guides to the locations of concealed 
potassium salts and other evaporites are available. 
Preliminary evaluation techniques include recon- 
structing from geologic maps and other sources the 
climatic, topographic, hydrologic, and geochemical 
environments that existed at the time the sedimen- 
tary rocks in the particular basin were deposited. 
Arid climatic belts that favor deposition of evapo- 
rites tend to occupy the same part of the globe, and 
paleomagnetic and other techniques allow the geo- 
graphic positions of depositional basins relative to 
these belts to be reconstructed. Sedimentary rock 
units that are most favorable for evaporites are 
those that were deposited at latitudes favorable for 
arid climates. Many other characteristics and con- 
stituents of sedimentary rocks indicate the climate 
that prevailed during sedimentation; for instance, 
certain organisms and chemical reactions are tem- 
perature sensitive, and microfossils or other organic 
materials, stable isotope percentages, and mineralo- 
gy may therefore give data as to water temperature. 
Still other prospecting techniques depend on inter- 
pretational refinements of many kinds of field data. 
Within favorable climatic belts, environments capa- 
ble of forming marine evaporite deposits were the 
nearly enclosed basins and shallow shelf areas that 
lay between the open sea and the landmasses. Sys- 
tematic geologic mapping furnishes data essential to 
the reconstruction of paleogeographic environment. 
Processes involved in chemical sedimentation and di- 
agensis are also becoming better understood. Once 
an evaporite body has been found, numerous explora- 
tory techniques can expedite the location of high- 
grade potassium deposits. Evaporite mineral facies 
have a fairly predictable pattern, and variations in 
the quantities of certain trace elements such as 
bromine can indicate areas and horizons of maximum 
promise. 

At present production levels, potash reserves 
available in crystalline deposits and brines within the 
United States are sufficiently large to last at least 
100 years. The very large deposits of Canada, how- 
ever, are so close to the United States that costs of 
transporting supplies from these deposits are not 
excessive ; inasmuch as one-half of the world reserves 


and resources are in Canada, resources adequate for 
thousands of years will continue to be available from 
areas close to U.S. consumers. Potential resources of 
the United States also are large and include submar- 
ginal crystalline deposits, sea water, and potassium- 
bearing silicate rocks (British Sulphur Corp., 1966). 

World reserves and potential resources of potassi- 
um compounds are enormous. Estimates of quanti- 
ties in known deposits exceed 100 billion tons of 
K,0; this represents more than a 5,000-year world 
supply at present consumption rates (Colorado 
School of Mines, 1967). Hypothetical and undiscov- 
ered deposits increase the total probable resources to 
a larger quantity, but as noted later, this increase 
may not be great. 


SALT 


Among the marine evaporites, salt (the common 
term for both the commodity and rock composed en- 
tirely of halite, NaCl) is by far the most valuable 
mineral resource, ranking with coal, limestone, iron, 
and sulfur, as a basic industrial raw material. It is 
used as a source of sodium, chlorine, soda ash, hydro- 
chlorie acid, caustic soda, and other compounds in- 
dispensable in the manufacture of many other prod- 
ucts and chemical reagents. Salt itself is important 
in the production and preservation of foodstuffs as 
well as for animal feed, water softening, snow and 
ice removal, and roadbed stabilization (Hibpshman, 
1971). Underground cavities created artificially in 
rock salt deposits are used to store petroleum prod- 
ucts and to dispose of industrial wastes; the resource 
value of some salt deposits may be determined more 
by the possible storage capacity than by the need 
for the salt that was removed to provide that ca- 
pacity (Pierce and Rich, 1962). 

In the United States, leader of world production of 
salt, more than 45 million tons of salt with a value of 
more than $285 million was produced in 1970 by 54 
companies, which operated 99 plants in 17 States. 
China, the U.S.S.R., Germany, and the United King- 
dom are the other major producers. Australia has 
had the greatest recent increase in production 
(Jacoby, 1972). Past growth of the industry has been 
steady, and the future outlook is for an annual 
growth of from 3 to 5 percent. 

The principal methods of producing salt in the 
United States are (1) solution mining, (2) under- 
ground mining, and (3) evaporation of natural brines 
and sea water. About 70 percent of the salt produced 
in the United States is extracted from natural or 
synthetic brines or sea water; 30 percent is mined 
as a solid (Kaufmann, 1960). 

Subsurface deposits of rock salt are the principal 
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source of salt in the United States. About half of 
the production is from salt domes, and most of the 
balance from stratified marine evaporites. Boreholes 
show that stratified halite deposits occur in most 
major evaporite basins and a few minor basins that 
are distributed through 24 of the 50 States. The 
deposits are typically extensive and thick, and tend 
to be superposed one above the other over wide areas 
(fig. 24 and table 42). Few domes or beds are pure 
salt, but their salt content may exceed 98 percent; 
dolomite, shale, anhydrite, and other evaporites are 
usually found as impurities. Individual beds in strati- 
field rock salt range in thickness from a fraction of 
an inch to several hundred feet, and they are both 
massive and laminated. Salt domes have very com- 
plex internal structures. 

Salt is also produced in the United States from salt 
lakes in the arid Western States and by solar evapo- 
ration of sea water. Unpurified salt scraped from dry 
lakes normally contains small amounts of other com- 
ponents that limit its use or require purification. 
Nearly pure salt is produced by solar evaporation of 
lake brines and sea water, but the process requires 
an arid climate and large flat areas for evaporation 
ponds (Ver Planck, 1958). 

Domestic resources of salt are virtually unlimited 
(Lefond, 1969). Huge bedrock resources are known 
in the Northeastern, Southeastern, and Central 
Western States (fig. 24) ; salt lakes and solar evapo- 
rated sea salt are close to populated areas of the 
west coast states. 

Salt resources of the rest of the world are also 
virtually unlimited. About 15 percent of the earth’s 
continental areas are underlain by beds of marine 
salt (Kozary and others, 1968) that can be extracted 
by excavation or solution mining as the need arises. 
Even greater quantities could be extracted from sea 
water. This conclusion does not mean that salt will 
be extracted from sursurface layers or adjacent seas 


by all countries that have these resources, because | 


the economics of producing and transporting the 
product will remain dominant. What it does mean is 
that requirements can be met if necessary for even 
remotely foreseeable future demands. 


GYPSUM AND ANHYDRITE 


Gypsum (CaSO,:2H.0O) and anhydrite (CaSO,) 
are common evaporite minerals widely used in the 
construction industry and agriculture. Gypsum, by 
far the more important of the two, is used to retard 
setting time in portland cement and as an agricul- 
tural soil conditioner and fertilizer. In addition, gyp- 
sum is calcined for use as plaster for construction 
and industrial purposes, and for manufacturing wall- 
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board and other prefabrication products widely used 
in the building industries. Anhydrite is interchange- 
able to a limited extent with gypsum for use as a soil 
conditioner. In Europe and elsewhere, anhydrite has 
had moderate use in manufacturing sulfuric acid and 
ammonium sulfate. 

For more than a decade, the United States has pro- 
duced annually about 25 percent of the world gypsum 
supply, and at the same time it has been dependent 
on foreign sources for about one-third of its gypsum 
supply. Domestic production for the past 10 years 
has ranged between 9.4 and 10.7 million tons per 
year, with its annual value ranging mostly between 
$35 and $40 million. Imports, chiefly from Canada, 
Jamaica, and Mexico, have averaged almost 5.6 mil- 
lion tons per year (Ashizawa, 1971). Approximately 
50 percent of the domestic gypsum supply comes 
from mines and quarries in Michigan, Iowa, Texas, 
and California; the remainder is from mining opera- 
tions in 17 States. Both the domestic production and 
the imports of gypsum are very sensitive to the 
demands of the construction industry, and they 
respond rapidly to any change in the activity of this 
industry (Schroeder, 1970). 

Both gypsum and anhydrite occur widely and 
abundantly in virtually all marine evaporite basins 
(Withington, 1962). Gypsum normally predominates 
over anhydrite at or near the surface and grades into 
anhydrite at depths ranging from a few feet to a few 
hundred feet. Geological evidence indicates that some 
near-surface gypsum was formed by hydration of 
primary or secondary anhydrite where meteoric 
ground and surface water came in contact with an- 
hydrite. The depth of complete hydration is im- 
portant in exploitation because the presence of more 
than a few percent anhydrite renders gypsum unfit 
for many purposes. 

Some gypsum is mined from deposits formed in 


| continental basins by the evaporation of nonmarine 


waters. Most of these deposits probably originated as 
gypsum, and their lack of deep burial has kept anhy- 
drite from forming. Most nonmarine deposits are 
smaller than marine deposits but tend to be nearer 
the surface. 

Domestic reserves and resources of gypsum are 
plentiful but are unevenly distributed. They are con- 
centrated in the eastern Great Lakes region, the cen- 
tral midcontinent region, the Rocky Mountain belt 
from Canada to Mexico, and the southern California 
and Nevada region. Like salt, beds of gypsum also 
underlie an appreciable part of the earth’s conti- 
nents; but unlike salt, they cannot be mined by solu- 
tion and must therefore lie near the surface to be 
extracted at low cost. Nevertheless, available quanti- 
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ties are very large and adequate for centuries to 
come. Synthetic gypsum is produced as a byproduct 
of the manufacture of several other compounds, but 
the economics of production probably will prevent 
these sources from being exploited solely for the 
value of the gypsum. 


SODIUM CARBONATE 


Sodium carbonate (Na:CO;, which is known indus- 
trially as “soda ash’) is an important industrial 
chemical because of its own chemical properties, and 
because of its use in the manufacture of other com- 
pounds such as sodium bicarbonate, sodium hydrox- 
ide, and sodium nitrate. In 1970 the United States 
consumed 6.8 million tons of sodium carbonate and 
exported an additional 0.8 million tons. Present 
domestic consumption is as follows: 50 percent for 
manufacture of glass, 40 percent for making other 
chemicals, 8 percent in paper and pulp manufacture, 
and 2 percent in miscellaneous uses such as soap, 
detergents, and water softeners (MacMillan, 1970d; 
Lansche, 1971b). A potentially large use of one of its 
derivatives, sodium bicarbonate (NaHCO;), is as a 
cleanser of sulfur dioxide from stack gases of power- 
plants. 

Most of the sodium carbonate and bicarbonate now 
produced in the United States is manufactured from 
sodium chloride, ammonia, and carbon dioxide by the 
Solvay process, but this production is gradually de- 
clining because of the high cost of new plants and 
pollution problems. This chapter discusses natural 
deposits whose 1971 production was valued at $56 
million and constituted 38 percent of the U.S. total. 
Before 1950, sodium carbonate from natural sources 
in California supplied only about 6 percent of U.S. 
needs. In that year, however, production commenced 
from an immense deposit of bedded trona (Na.CO; 
-NaHCO,;:2H.0) in southwestern Wyoming. By 
1970, this deposit furnished about one-third of the 
Nation’s sodium carbonate. It will probably become 
the major domestic source within a few years; plan- 
ned increases in the mining and refining capacity of 
three plants producing from the Wyoming deposit 
would raise annual production to about 5 million tons 
of sodium carbonate (70 percent of present consump- 
tion) and a possible fourth plant would raise produc- 
tion even further. 

Core drilling is virtually required in prospecting 
for natural sodium carbonate and other saline de- 
posits. All valuable saline minerals are soluble and 
so are rarely exposed in outcrop, but some geologic 
indications help narrow the target before drilling 
(Smith, 1966c; Culbertson, 1971). For example, 
sodium carbonate minerals dissolved from outcrops 
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may be indicated by identifiable cavities or pseudo- 
morphs, a high sodium carbonate content in ground 
or surface water may indicate concealed deposits 
undergoing such solution, and certain lithologic tex- 
tures and less soluble evaporite minerals in outcrop- 
ping rocks may indicate nearby buried salines. 
Gamma-ray, neutron, sonic, and density geophysical 
logs from oil and gas test holes generally indicate the 
presence of any trona layers that were penetrated, 
although it is difficult to distinguish them from some 
other evaporites. 

The domestic resources of sodium carbonate are 
immense. Not only are there nearly inexhaustible 
supplies of salt and limestone from which sodium 
carbonate could be manufactured by the Solvay 
process, but the trona deposits in the Green River 
Formation of Eocene age in southwestern Wyoming 
that are now being mined would supply the Nation’s 
needs for more than 3,000 years at the present rate 
of consumption. These deposits underlie an area of 
about 1,300 square miles at depths of 400-8,500 feet 
(Bradley and Eugster, 1969; Culbertson, 1971). Re- 
sources of trona in beds more than 3 feet thick total 
about 85 billion tons; some beds, however, locally 
contain halite as an impurity. Between 30 and 40 
billion tons of trona are contained in halite-free beds 
more than 6 feet thick. Marlstone and oil-shale beds 
between the trona beds contain submarginal re- 
sources in the form of disseminated sodium carbon- 
ate minerals such as shortite (Na.CO,:2CaCO;) and 
northupite (Na.CO;:NaCl:-MgCoO.). 

In northwestern Colorado, the Green River For- 
mation contains additional resources of sodium car- 
bonate in the form of nahcolite (NaHCO;). These 
resources add substantially to the nation’s supply. 
The mineral occurs as lenses, nodules, and beds in a 
thick sequence of rich oil shale that also contains 
large amounts of dawsonite and some halite. Nahco- 
lite-bearing oil shale, 100 or more feet thick, under- 
lies an area of about 255 square miles in the northern 
part of the Piceance Creek basin at depths of 1,100- 
2,000 feet. The average nahcolite content in repre- 
sentative core holes ranges from 13 to 26 weight per- 
cent. The area is estimated to contain 32 billion tons 
of nahcolite, making this the second largest sodium 
carbonate deposit known in the world (Trudell and 
others, 1970; Dyni and others, 1970). Nahcolite is a 
potential source of soda ash, but it may also gain use 
in its natural form as a chemical agent for removing 
oxides of sulfur and nitrogen from hot industrial 
stack gases and as a low-cost means of increasing 
the yield of alumina from interbedded dawsonite- 
bearing oil shales with which the nahcolite neces- 
sarily would be mined. 
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Searles and Owens Lakes, Calif., contain amounts 
of sodium carbonate smaller than those in Colorado. 
The deposits are of Quaternary age and consist of 
porous crystalline bodies saturated with brines 
(Smith, G. I., 1966a). They are estimated by us to 
contain about 700 million tons of sodium carbonate. 
Some sodium carbonate occurs in numerous small 
playa lakes in the Western United States; the re- 
source potential of these deposits probably does not 
exceed 200 million tons (Garrett and Phillips, 1960). 

Production of sodium carbonate from natural 
sources also comes from the trona deposits of Lake 
Magadi, Kenya (Eugster, 1970). The lake generates 
new trona at about the same rate as present annual 
production (150,000—200,000 tons). Other sodium 
carbonate lakes in the rift valleys of eastern Africa 
contain large but unknown amounts of additional 
material. Deposits of unknown, but probably small, 
size occur also in South America, eastern Europe, 
the U.S.S.R., central Africa, China, and India. 


SODIUM SULFATE 


Sodium sulfate (Na.SO., known also as “salt 
cake”), is produced in the United States from na- 
tural brines and as a byproduct of certain manufac- 
turing processes. About 1.5 million tons is produced 
annually of which 46 percent, valued at $12.5 mil- 
lion, comes from natural sources in California, Utah, 
Texas, and Wyoming (Lansche, 1971b; MacMillan, 
1970d). The kraft paper industry consumes nearly 
75 percent of U.S. production whereas the glass, 
ceramic glaze, detergent, and other industries con- 
sume the balance (Goudge and Tompkins, 1960). 

California sodium sulfate production from natural 
sources comes from subsurface Pleistocene brines in 
Searles Lake; Utah production is from the brines in 
Great Salt Lake; Texas production is from subsur- 
face brines; and Wyoming production is from sur- 
face crusts on dry lakes. Canadian production, which 
is about equal to U.S. production from natural 
sources, comes from salt lakes in Saskatchewan. All 
deposits are in arid to semiarid environments. The 
presence of sodium sulfate in a closed basin is a 
result of several geologic controls, especially the 
chemical composition of rocks and soils within the 
drainage area and the composition of mineral springs 
that discharge into the basin. Extraction processes 
can be relatively simple because of the marked in- 
fluence of temperature on the solubility of sodium 
sulfate at temperatures below 32°C (Rueffel, 1970). 

Resources of sodium sulfate are large. Searles 
Lake, Calif., is estimated by us to contain 400 mil- 
lion tons, a 600-year supply at present rates of U.S. 
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consumption from natural sources. Great Salt Lake 
contains about 30 million tons, and both solid and 
brine deposits are known in 10 other States in the 
United States. Canadian deposits contain about 60 
million tons. Production has come also from several 
countries in Europe and South America, and a 
single deposit in the U.S.S8.R. contains an estimated 
2 billion tons (Goudge and Tompkins, 1960). 


BORON MINERALS 


Boron minerals mined in the United States in 1970 
supplied more than 60 percent of world needs. Pro- 
duction totaled about 1 million short tons of ore 
which contained about 560,000 tons of B.O;; value of 
the ore was approximately $85 million (Kistler, 
1972). All domestic production came from Califor- 
nia; small deposits in Nevada and Oregon are un- 
mined (Smith, W. C., 1960, 1962). Foreign produc- 
tion came mostly from Turkey with smaller amounts 
coming from Italy, Argentina, and probably China 
and the U.S.S.R. 

Boron mineral consumption by the United States 
was about 35 percent of world production. Consump- 
tion was largely by the manufacturers of glass, glass 
fiber, enamel, chemical and agricultural products, 
soaps and detergents, abrasives, gasoline additives, 
fire-retardants, metal alloys, and other industries 
(West, 1971). Annual growth in U.S. consumption 
over the next quarter century is estimated to be 3.5— 
4.6 percent, with greater growth possible (MacMil- 
lan, 1970a). 

Boron minerals being mined today occur chiefly as 
deposits in nonmarine Cenozoic rocks. Production at 
Boron, Calif., comes from a thick, slightly deformed 
lacustrine deposit of middle Tertiary age that con- 
tains borax (Na.B.0,-10H.O) and kernite (Na.B,O; 
-4H.O) (Barnard and Kistler, 1966). The near lack 
of other evaporite components in the deposit indi- 
cates that it was formed from lake waters unusually 
rich in sodium borate, but the existence of compara- 
ble deposits in Turkey and Argentina show that this 
setting is not unique. Production near Death Valley, 
Calif., consists mostly of calcium borates (such as 
colemanite) from deformed upper Cenozoic mud- 
stone and sandstone deposited in a depression an- 
cestral to Death Valley (McAllister, 1970). Sodium 
borate production from Searles Lake, Calif., comes 
from brines pumped from the interstices of mineral- 
ogically complex salt layers beneath the dry lake 
surface; the salts are an upper Quaternary deposit 
formed by desiccation of a succession of large Pleis- 
tocene lakes (Smith, G. I., 1966c). Less is known of 
the geologic setting of major deposits in other parts 
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of the world, but available data suggest that most 
deposits are in areas characterized by above-average 
amounts of boron in spring waters and sediments and 
are in Cenozoic nonmarine basins formed by tectonic 
processes. 

Prospecting for boron minerals starts with the 
identification of basins that were, during the geo- 
logic past, favorable for the accumulation of borate- 
rich waters. Some basins and their sediments are 
undeformed whereas others are folded, faulted, part- 
ly eroded, and concealed to an extent that their 
original shape can be inferred only by geologic re- 
construction. Exploration generally requires drilling. 
Sodium borate minerals (for example, borax) are 
soluble and therefore are soon leached from outcrops 
except in very arid regions. Calcium borate minerals 
(for example, colemanite) and sodium-calcium bor- 
ates (for example, ulexite) are less soluble but are 
not well preserved in outcrop. 

Reserves and known resources of borates are large. 
One published estimate of world indicated reserves 
is 72 million short tons B:O;; one-half of this is in 
domestic deposits and one-sixth is in Turkish de- 
posits (MacMillan, 1970a, p. 882). Conservative esti- 
mates of the sodium borate reserves in California 
alone show that they are sufficient for 300 years at 
present domestic consumption rates and 100 years at 
present world consumption rates (Smith, W. C., 
1966). Recently discovered Turkish sodium borate 
reserves increase this supply fivefold (Industrial 
Minerals, 1970). Calcium borate reserves in Cali- 
fornia, Turkey, and South America further add to 
the supply. At present consumption rates, world re- 
serves and known resources thus are adequate for 
many hundreds and possibly thousands of years. The 
geologic settings of boron deposits are relatively well 
understood, and prospecting during the last decade 
for new deposits has been correspondingly effective. 
New deposits are likely to be found if economic in- 
centive exists, and world resources might ultimately 
be increased 2—10 times. 


NITRATES 


Nitrogen compounds are essential to modern in- 
dustry and agriculture. Production of nitrogen com- 
pounds by “fixation” of nitrogen from the atmos- 
phere began during World War I and now accounts 
for all United States, and nearly all world, produc- 
tion of nitrogen compounds. In 1968, world produc- 
tion was 35.4 million tons of contained nitrogen, and 
U.S. production was 10.1 million tons (Lorenz, 1971). 
Nitrogen from the atmosphere will supply world 
needs for the foreseeable future. For nearly 100 
years before World War I, however, the chief source 
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of fixed nitrogen was the Chilean nitrate caliche 
deposits, and even today no comparable source of 
solid nitrates is known in the world. The source of 
nitrates before discovery of the Chilean deposits was 
animal wastes. The Chilean deposits are still being 
exploited but production is small; in 1968, NaNO, 
and KNO, production from there was equivalent to 
0.12 million tons of nitrogen (Lewis, 1970a). Never- 
theless, their importance as a potential resource is 
large, and they supply other valuable coproducts. 

Caliche layers containing nitrates are extensive in 
the Atacama Desert of northern Chile and are 
known to occur in the coastal desert of Peru as far 
north of Arequipa. The caliche layer is at or near 
the surface and generally is 3-12 feet thick. Evapo- 
rite minerals occur as cementing material in regolith 
(the cement commonly makes up about a third of 
the caliche) and as veins and impregnations in bed- 
rock. The principal minerals are soda-niter (NaNo;), 
halite (NaCl), and several sulfate minerals; the 
deposits are unique in also containing iodate 
minerals. 

Reserves of Chilean nitrate ore containing 7 per- 
cent (present cutoff grade) or more NaNO; are esti- 
mated to be about 2.5 billion tons. Contained in this 
ore are an estimated 220 million tons of NaNO, 1 
million tons of iodine, 9 million tons of B.0;, and sub- 
stantial amounts of less valuable components. Ca- 
liche that is similar but contains less than 7 percent 
NaNO; is even more widespread in northern Chile 
and probable resources are more than 25 billion tons. 


STRONTIUM 


Strontium and its compounds are used chiefly for 
pyrotechnics and similar purposes that utilize the 
red coloration of its flame, but some is used for 
vacuum tubes, greases, ceramics, color television 
tube glass, and other purposes. In 1968, about 6,500 
tons of strontium was consumed in the United States. 

Most production comes from celestite (SrSO,), al- 
though strontianite (SrCO;) is locally abundant. 
Current production of strontium minerals comes 
chiefly from Mexico and the United Kingdom. The 
United States has sources of strontium, but all pres- 
ent consumers utilize imported ore (Park, 1971). 

Bedded deposits of celestite and strontianite in 
California were mined during World Wars I and 
II. They consist of concretionary layers of the min- 
erals in Cenozoic lacustrine deposits made up chiefly 
of tuff and shale. Both celestite and strontianite 
deposits contain gypsum and some include halite; 
the strontianite beds are also associated with lime- 
stone. The strontium minerals formed largely by 
replacement of preexisting clastic sediments, but 
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some may have been part of the original sediment. 
Deposits in 11 other States are mostly replacement, 
vein, disseminated, or vuggy occurrences in older 
rocks (Durrell, 1953; Schreck and Arundale, 1959). 

Resources in the United States have been esti- 
mated at 3.5 million tons of rock containing 85 per- 
cent or more SrSO;. World resources are probably 
many times larger. Brines containing several thou- 
sand parts per million strontium exist and might 
also be utilized. At present rates of consumption, 
the U.S. resources of celestite and strontianite rep- 
resent a 500-year world supply (Schreck and Arun- 
dale, 1959; Handsman, 1970). Very little prospect- 
ing for strontium minerals have been carried out 
in the United States or elsewhere. An extensive pro- 
gram could probably increase U.S. resources four- 
fold. 


BROMINE 


Annual production of bromine in the United 
States is almost 400 million pounds valued at $88 
million. This constitutes more than three-fourths of 
world production. Most bromine is used in gasoline 
additives although some is needed for fire extin- 
guishers, flame retardants, and other uses (Mac- 
Millan, 1970b). Inasmuch as present consumption 
of bromine largely reflects its use as a gasoline 
additive, future consumption in the United States 
is uncertain. Public concern over air pollution could 
result in a greatly curtailed use of lead in gasolines; 
the use of lead creates the need for ethylene dibro- 
mide as an additive. 

All U.S. production comes from brines. Five plants 
in Michigan and five in Arkansas use brines from 
deep wells; one plant in California uses brines from 
Searles Lake. Production of bromine from sea water 
ceased in 1969, but the sea provides the United 
States with an unlimtied resource (Olson, 1971). 

Well brines that allow production mostly contain 
more than 1,000 parts per million bromine. Typical 
samples of brines from producing wells in Michigan 
contain 1,300-2,900 ppm bromine (White and others, 
1968, table 13); California brines that allow pro- 
duction of bromine as a byproduct contain about 850 
ppm (Bixler and Sawyer, 1957) ; sea water contains 
about 65 ppm but this can be concentrated to 1,750 
ppm by solar evaporation before processing (Ver 
Planck, 1957). 

Resources of bromine are virtually unlimited. 
Sea water provides a source that is almost eco- 
nomic today, and deep-well brines now in use are 
available in large volume. Bittern salts and inter- 
stitial brines in marine evaporite bodies have bro- 
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mine concentrations similar to those in the best 
deep-well brines. 


IODINE 


Iodine is used primarily in the manufacture of 
photographic chemicals, disinfectants, and pharma- 
ceutical preparations. During World War I, it was 
extracted from seaweed on the west coast of the 
United States. Subsequently, in this country, it was 
derived chiefly from oil-well brines in Louisiana and 
California. Present production of iodine comes 
chiefly from gas-well brines in the Chiba Peninsula 
of Japan (5,092 tons in 1969) and from nitrate ores 
of northern Chile (2,700 tons). Imports in 1969 
from these countries, which supply most U.S. re- 
quirements, were about 2,900 tons valued at $5.7 
million (Park, 1971). Annual production of iodine 
from brines at Midland, Mich., is probably about 
150 tons (MacMillan, 1970c). 

The Chilean nitrate deposits contain 200-600 ppm 
iodine, only part of which is recovered. Iodine oc- 
curs in the minerals lautarite (Ca(10O;).), briig- 
genite (Ca(1I0O;).-H.O), and dietzeite (Ca(10O;). 
(CrO.)), and probably as a contaminant in other 
saline minerals of the deposits. High-iodine brines 
of oil fields and other deep wells are characteris- 
tically chloride brines in which the iodine occurs in 
concentrations ranging from 35 to 135 ppm; byo- 
mine is commonly present in similar concentrations 
(White and others, 1963; Collins and others, 1967). 

Reserves and resources of iodine in brines and 
nitrate deposits currently being exploited are at 
least 1.5 million tons, of which the Chilean nitrate 
deposits account for more than 1 million tons. Po- 
tential resources in these and other iodine-rich 
brines are several times as large; potential resources 
in the United States are probably several hundred 
thousand tons. 


CALCIUM CHLORIDE 


Calcium chloride is sold as crystals and as a dense 
brine. Its largest single market is for highway 
deicing, but dust control, concrete treatment, and 
other uses require major amounts. About one-third 
of the calcium chloride produced in the United 
States is a synthetic byproduct of sodium carbonate 
derived by the Solvay process; two-thirds comes 
from natural brines which in 1970 were processed 
by five plants in Michigan and two in California. 
Average annual production between 1965 and 1969 
from natural sources was valued at $13 million 
(Babcock, 1964; Lansche, 1971a). 

Oil-field and other deep-well brines rich in cal- 
cium chloride are generally low in carbonate and 
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sulfate and high in ammonia and total solids (White 
and others, 19638, p. 9, tables 18, 16, 29). They come 
from diverse geologic settings and areas, and their 
origin is not clear. Lake brines with comparable 
compositions occur in still other environments 
(Smith, G. I., 1966b). 

Resources of calcium chloride in the world are 
large and, for practical purposes, nearly inexhausti- 
ble. Production in the United States is now limited 
primarily to the number of wells drilled in known 
favorable areas, but these and new wells could 
almost certainly supply domestic needs for at least 
100 years. Billions of tons of calcium and mag- 
nesium chloride are available from tachyhydrite 
bodies in Brazil and western Africa (Ivanov, 1969; 
Hite, 1972; Wardlaw, 1972). This amount repre- 
sents thousands of years supply at present world 
consumption rates. 


MAGNESIUM COMPOUNDS 


Magnesium and its compounds are produced from 
bedrock deposits, natural and synthetic brines, and 
sea water. The principal minerals mined for their 
magnesia (MgQ) content are magnesite (MgCO;), 
brucite (Mg(OH).), and dolomite (MgCa(CO;).) ; 
deposits of these minerals are discussed in “Mag- 
nesian Refractories” and “Limestone and Dolomite.” 
Most of the domestic and world production consists 
of magnesium metal or one of several grades of 
magnesia, although some is in the form of mag- 
nesium hydroxide, magnesium sulfate, magnesium 
trisilicate, and magnesium chloride. Magnesium 
metal is used extensively in aircraft manufacturing 
and other purposes for which its light weight is a 
factor, and magnesia is used chiefly as a refactory 
for the steel and other basic industries (Comstock, 
1963; Lewis and Cammarota, 1971; Paone, 1970). 

Many industrialized nations produce magnesium 
and magnesia from the sea that borders them. In 
the United States, magnesium and its compounds 
were produced in 1970 from deep-well brines in 
Michigan and from sea water in five States. The 
deep-well brines in Michigan supplied most of pro- 
duction. Facilities for extraction of magnesium com- 
pounds from Great Salt Lake brines are being con- 
structed. Extraction of magnesium from sea water 
or brine also requires calcined limestone or dolomite, 
the latter yielding magnesium in quantities about 
equal to that from sea water. 

The geologic environments of the raw materials 
used in this industry are extremely diverse. Dolo- 
mite and magnesite occur widely and were deposited 
in a variety of environments. Magnesium in usable 
concentrations is found in many surface and sub- 
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surface brines that are dominated by sulfate or 
chloride anions and that are deficient in carbonate. 
Evaporite deposits containing billions of tons of 
tachyhydrite (2MgCl.-CaCl,-12H,O) in Brazil and 
western Africa represent possible magnesium re- 
sources (Ivanov, 1969; Hite, 1972; Wardlaw, 1972). 
For practical purposes, the U.S. and world resources 
of magnesium and magnesium compounds in brines 
and sea water are unlimited, and bedrock resources 
are large. 


UNDISCOVERED RESOURCES OF EVAPORITES 
AND BRINES 


MARINE EVAPORITES 


The ultimate supply of commodities derived from 
marine evaporites is theoretically limited only by the 
existing volume of such deposits. That volume is 
huge. Deposits of marine evaporites tend to be 
hundreds of feet thick, and Kozary, Dunlap, and 
Humphrey (1968) showed that about 25 percent of 
the world’s continental area is underlain by one or 
more of them. 

This known area of evaporites may be nearly all 
the total area that exists. This surprising conclu- 
sion stems from the fact that the area climatically 
favorable for the formation of marine evaporites 
at any given time in the earth’s history is limited; 
calculations based on these limits plus reasonable 
geologic assumptions as to areas that might also by 
physiographically favorable allow one to approxi- 
mate the maximum area of evaporites that could 
have formed since the close of Precambrian time. 
One such calculation, described below, shows that 
maximum area to be about 60 percent of the earth’s 
surface. However, after subtracting areas represent- 
ing reasonable guesses of the area of nondeposition 
and loss due to erosion, the remainder barely ac- 
counts for the evaporite bodies now known. Less 
conservative, but still reasonable, assumptions fail 
to account for all known deposits. Alternative models 
are virtually limited to those that increase the depo- 
sitional area, and experimentation has shown that 
geologically reasonable alternatives that make sub- 
stantial differences in the conclusion are difficult to 
find. For this reason, the conclusion regarding the 
small number of undiscovered evaporite bodies 
seems sound and not likely to be wrong by any 
factor approaching an order of magnitude. A more 
detailed explanation of calculating procedures and 
assumptions follows. 

Virtually all marine evaporites apparently formed 
where warm arid climates prevailed along coasts 
or in large embayments connected with the sea. 


EVAPORITES AND BRINES 


Warm and arid coastal regions today are mostly in 
the zones of trade winds (zones of nearly constant 
wind direction) that lie between about 10° and 35°, 
both north and south of the equator. The arid coasts 
are where the trade winds blow from the land to- 
ward the sea. At least since Precambrian time, 
trade-wind belts probably have had about the same 
size and global distribution; they are products of 
the interaction between solar energy and the spin- 
ning earth and its atmosphere, and it is reasonable 
to postulate that the output of solar energy, the 
earth’s spin and the physical properties of the 
atmosphere have been nearly constant during that 
period. These 25°-wide trade-wind belts make up 
about 40 percent of the global surface. If one as- 
sumes that two landmasses lay astride these belts, 
each with a 5°-wide (about 300 miles) evaporite- 
forming basin along the entire shoreline that is in 
the trade-wind belt, about 1 percent of the globe 
would be accumulating evaporites. If, in the geo- 
logic past, the number of continental landmasses 
astride the trade-wind belts averaged two, and if 
the configurations of the coastlines changed every 
10 million years sufficiently for new portions of the 
earth’s surface to begin accumulating evaporites, 
there could have been as many as 60 different accu- 
mulations of this size in the 600 million years since 
the close of Precambrian time. This means that 
about 45 percent of the globe could have at one time 
been the site of evaporite deposition. 

This maximum possible area does not seem to be 
large enough. Considering the near absence of 
present-day evaporite-forming basins, it seem likely 
that on the average, far less than half of the cli- 
matically favorable sites in the past were likely to 
be occupied by basins that produced evaporites. 
Furthermore, very probably at least half of once- 
formed evaporites have been eroded or dissolved. 
Finally, one must consider that the area of known 
evaporites would substantially exceed 8 percent of 
the earth’s surface if none of the evaporite deposits 
overlapped. Conceivably, other environments than 
those considered in this model have produced major 
quantities of marine evaporites, but available geo- 
logic evidence seems more consistent with this model 
than any other. For these reasons, the numbers used 
in the above model calculation probably could be 
changed substantially and still not account for the 
known areas of marine evaporite deposits. Numbers 
and assumptions that would lead to the conclusion 
that areas of undiscovered evaporites are large 
would require even more drastic departures from 
what seems geologically reasonable. 

The only alternative assumption that seems to be 
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reasonable for this calculation is that the areas of 
accumulating evaporites were commonly much 
larger than postulated because in some respects, 
past environments differed intrinsically from those 
of the present. It is difficulty to envision larger areas 
of global aridity caused by wider trade-wind belts, 
but very possibly areas of inland seas were much 
larger than now known. Available evidence indi- 
cates that many of the world’s present continental 
areas were originally part of a single landmass and 
that the present continents evolved by the slow 
spreading of individual masses away from this 
center. As they spread, nearly landlocked inland 
seas may have evolved to become sites of evaporite 
deposition that were much larger than any now 
known. Such a phenomenon could explain the ap- 
parent overabundance of marine evaporite bodies, 
but still does not necessarily imply that a large 
number of evaporite bodies are undiscovered. 

If one accepts the above lines of reasoning, it 
follows that the likelihood of finding many large 
new deposits of marine evaporites is small. This 
means that estimates of resources in known de- 
posits can be considered nearly equivalent to ulti- 
mate resources. An estimate of these figures follows. 
If 25 percent of the world’s 57 million square miles 
of continental area is underlain by evaporite de- 
posits, and the average deposit contains 300 feet 
of evaporites, 0.8 million cubic miles of evaporites 
exist. (The average of the maximum thickness of 
deposits listed in table 42 is 750 feet; the deposits 
are estimated to contain 20 percent impurity and 
to have average thicknesses that are half their maxi- 
mum thickness.) An independent. estimate of this 
volume by Ronov (1968, fig. 3) concludes that ap- 
proximately 0.9 million cubic miles of evaporites 
are in the earth’s sedimentary shell, with about 70 
percent of this volume in relatively near-surface 
deposits formed in platform environments and the 
remainder formed in geosynclinal environments. 
Most evaporites consist of gypsum, anhydrite, or 
halite; thus, a volume of 0.8 million cubic miles 
means that about 10° tons of these components 
exist. 

An estimate by us (based on well-explored por- 
tions of U.S. deposits) suggests that about 0.002 
percent of an average marine deposit consists of 
potassium mineral concentrations, although this has 
to be a very approximate number. Applying this 
figure to the 0.8 million cubic miles of evaporites in 
the world suggests that about 160 billion tons of 
KCl containing 100 billion tons of K.O is concen- 
trated in such bodies. This is very close to the 
amount inferred to exist in known deposits and 
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tends to support the inference that most of the 
earth’s evaporite and potash deposits have already 
been discovered. No doubt some deposits remain un- 
known, but the above calculation strongly implies 
that the number is not large. 

In the United States, all marine evaporite de- 
posits represent possible sources of potassium com- 
pounds, salt, and gypsum. Figure 24 shows that 
about 35 percent of the 3 million square miles that 
make up the 48 adjoining States is underlain by 
evaporites, and calculations like those used for 
estimating world resources indicate that about 8 
billion tons of K,O equivalent could be contained in 
these deposits. This amount is about 20 times 
greater than estimates of known U.S. resources and 
suggests that several large undiscovered deposits 
may exist. 

In summary, it is not likely in the foreseeable 
future that potassium compounds, salt, or gypsum 
will become the sole target of expensive explora- 
tion programs because of dwindling world supplies. 
Enormous quantities are now known although their 
global distribution is uneven. However, there is 
strong incentive to keep costs of these substances 
low because their costs influence the price of a very 
large number of other products. Furthermore, stra- 
tegic reasons, balance of payment problems, differ- 
ences in quality of the product from different 
sources, and potential profits stemming from attrac- 
tively priced transportation to large or growing 
markets remain as strong incentives for exploration. 
New and exploitable resources may well be discov- 
ered as a result of these stimuli. 


NONMARINE EVAPORITES 

Ultimate resources of commodities derived from 
continental evaporites—deposits formed by the 
evaporation of inland bodies of water—are less 
easily evaluated than are resources of marine 
evaporites. Requirements for an environment favor- 
able for the deposition of continental evaporites are 
a semiarid to arid climate that will produce a high 
evaporation rate, a closed basin having internal 
drainage, and a source of large quantities of water 
having the proper ratio of dissolved components. 
Evaporation rates high enough to keep closed basins 
from filling and overflowing exist today in areas 
that mostly lie between lats 45° N. and 45° S.; the 
sizes and locations of basins within such areas, 
however, are variable. Closed basins receive large 
inflow where they adjoin high mountains or upland 
areas; the high mountains or uplands extract most 
of the moisture from passing airmasses, and the 
closed basins downwind from the mountains are 
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arid because they have been deprived of this mois- 
ture. Extensive faulting and warping are the geo- 
logical processes required to create both the basins 
and the mountains. 

Areas known to contain large volumes of non- 
marine sedimentary rocks that were deposited in 
closed basins between the 45° parallels represent a 
subordinate part of the world’s surface. Most known 
continental evaporite deposits are Cenozoic, and 
some evaporite assemblages are favored by drain- 
age from a volcanic rock environment whereas 
others are favored by drainage from other types of 
terrane; these factors provide further guidance to 
areas that should be considered during exploration 
for deposits and in estimating undiscovered re- 
sources. 

In the United States, virtually all areas that have 
had a long history of internal drainage are west of 
the Rocky Mountains, although several basins hav- 
ing more brief histories of interior drainage lie in 
the Great Plains. In the area between the Wasatch 
Range and the Sierra Nevada, more than 100 closed 
basins are large enough to have contained lakes 
during the Pleistocene, and probably 5-10 times 
this number of closed basins existed during one part 
or another of Cenozoic time. Between 500 and 1,000 
such basins may therefore have formed in that area, 
and the sediments deposited in perhaps half are now 
preserved. Of these basins, less than 10 percent have 
been adequately prospected. If remaining basins 
were tested and a 1-percent success! resulted, two 
to five basins would be found to contain evaporite 
deposits. Although such deposits might be profitable, 
the degree of increase to resources would depend on 
the minerals they contain; salt, potash, sodium car- 
bonate, or magnesium deposits would probably not 
greatly change the resource outlook, but deposits 
containing other possible components might. Dis- 
covery of new deposits in favorable areas in other 
parts of the world is even more likely because these 
parts have been less explored; western China and 
adjacent parts of Afghanistan and the U.S.S.R., 
Iran, Turkey, western Central and South America, 
and eastern Africa all have probably had Cenozoic 
geologic histories similar to the Western United 
States. If those areas together contain 10 times as 
many basins as the Western United States, it seems 
likely that 20-50 major deposits of continental 


1A basis used by some mining companies for budgeting mineral ex- 
ploration programs in geologically favorable areas is to spend up to 
1 percent of the value of the anticipated ore body. This figure is com- 
monly justified by citing past experience, which shows that there is about 
a 10 percent chance of success in finding an ore body that would allow 
at least a 10 percent profit. The 1 percent chance of success used in the 
present calculation results from an estimate that only 10 percent of the 
basins in this area are geologically favorab'e, and that 10 percent of 
them—1l1 percent of the total number—would contain a deposit. 
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evaporites remain to be discovered in the world. 
These might increase world resources of their com- 
ponents by 1 to 2 orders of magnitude above re- 
sources in known deposits. 

BRINES 

Sea water, lakes, seas, and many shallow subsur- 
face brines have known compositions. They are not, 
therefore, ‘‘undiscovered,” but they do represent 
potential resources because processes capable of 
extracting selected dissolved components at a profit 
may someday be developed. Those bodies contain 
large to virtually unlimited quantities of several 
commodities. New extraction processes for many 
substances are not likely to be developed out of 
world necessity inasmuch as known reserves and 
resources appear adequate for hundreds or thou- 
sands of years. Some may be developed, however, 
as new techniques allow some chemicals to be ex- 
tracted more cheaply or closer to markets. 

Deep subsurface brines contain very large quan- 
tities of dissolved substances, but few basins out- 
side of known or potential petroleum and gas fields 
have been explored. The geologic factors controlling 
the distribution of valuable brines are not well under- 
stood and the number of unexplored basins contain- 
ing valuable brines cannot be reliably estimated. In 
some areas, the amount of brine now extracted is 
controlled by pet:oleum production. More could be 
extracted if necessary, but the quantity cannot be 
evaluated although it is known to be large. 


SUMMARY OF U.S. RESOURCES 


Evaporite resources of the United States, ex- 
pressed as years supply at current rates of con- 
sumption are shown in table 43. Although known 
domestic resources of potassium compounds are 
relatively low, Canadian resources are sufficient to 
fulfill requirements of North America for thousands 
of years. 


PROBLEMS FOR RESEARCH 


The abundance of evaporite and brine resources 
means that no shortage is impending. Continuing 
effort should be made toward finding new and more 
economic deposits, however, because they would 
supply large quantities of the basic chemicals re- 
quired in industry and agriculture, and their cost 
would be an important factor in the price con- 
sumers pay for many products. For this reason it is 
imperative to have not only resources, but resources 
that would permit these chemicals to be produced 
and transported to the consumer at low cost. The 
main problems posed by resources derived from 
evaporites and brines are that the costs of some are 
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TABLE 43.—Evaporite and brine resources of the 
United States 


[Expressed as years supply at current rates of domestic consumption] 


Undiscovered re- 


Identified resources! sources (Hypothe- 


Commodity (Reserves * and sub- tical? and specula- 
economic deposits) tive * resources) 
Potassium compounds __-100 years ______ Virtually 
inexhaustible. 
Salta eee see: Ae 1,000+ years __- Do. 
Gypsum and anhydrite __500+ years ___- Do. 
Sodium carbonate _____- 6,000 years _--_5,000 years. 
Sodium sulfate ~-------- 700 years ______ 2,000 years. 
Boratest eae ae eee 300 years ~_-__~ 1,000 years. 
Nitrates eee es tear Unlimited Unlimited (air). 
(air). 
SURO MGUY eae 500 years ______ 2,000 years. 
Bromine = eee ee Unlimited Unlimited 
(sea water). (sea water). 
lodinegy ===> 5. Fase ae LO ORyeansm=——= 500 years. 
Calcium chloride _______- 100+ years __--1,000+ years. 
Magnesium —____________ Unlimited Unlimited 


(sea water). (sea water). 


1Tdentified resources: Specific, identified mineral deposits that may or 
may not be evaluated as to extent and grade, and whose contained min- 
erals may or may not be profitably recoverable with existing technology 
and economic conditions. 

2 Reserves: Identified deposits from which minerals can be extracted 
profitably with existing technology and under present economic condi- 
tions. 

3 Hypothetical resources: 
recoverable or subeconomic grade, 
existing in known districts. 

4 Speculative resources: Undiscovered mineral deposits, whether of re- 
ecoverable or subeconomic grade, that may exist in unknown districts or 
in unrecognized or unconventional form. 


Undiscovered mineral deposits, whether of 
that are geologically predictable as 


undesirably high today and costs of others are likely 
to increase in the future. These problems are results 
of the uneven geographic distribution of deposits 
throughout the United States and the world, and 
the increasingly low-grade ores and the more com- 
plex and expensive extraction processes needed to 
utilize them. Discovery of new and more inexpen- 
sively processed deposits is needed. The abundance 
of known deposits of marine evaporites. minimizes 
the need to find new ones, and efforts should be 
concentrated on locating the more valuable concen- 
trations of minerals within the known deposits. In 
contrast, a large percentage of the world’s deposits 
of nonmarine evaporites and brines are undiscov- 
ered, and extensive programs of geologic study and 
drilling will be needed to find them. 

Important to the geologic understanding of evapo- 
rite and brine deposits are a knowledge of (1) the 
variations in past positions of global climatic belts, 
(2) the times of past fluctuations in global climatic 
character, (3) the processes involved in the con- 
centration and crystallization of evaporite com- 
ponents from waters, and (4) the mechanics of 
diagenesis that affect solids and brines both imme- 
diately and long after burial. Major obstacles to 
the finding and development of new evaporite re- 
sources stem from our imperfect understanding of 
these phenomena, and research leading to an im- 
proved understanding is essential. 
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Almost every subdivision of earth sciences has 
contributed techniques useful in prospecting for 
evaporites. It is, in fact, this variety in disciplines 
that makes it difficult for exploration groups to 
utilize known techniques effectively because so few 
groups include members that have facility in all 
fields. All subdivisions of the sciences also have 
great promise of developing new techniques. New 
geochemical methods, for example, may well en- 
hance our ability to reconstruct salinity gradients 
within evaporite-bearing basins. Variations in the 
bromine content in halite of marine origin provide 
an established technique, but far less work has 
been done on the distribution of other elements that 
reflect salinity as they change concentration in 
minerals associated with evaporite bodies. Such 
changes might be indicated by variations in the con- 
centration of strontium as it proxies for calcium in 
minerals such as limestone, dolomite, gypsum, and 
anhydrite; by shifts in the isotopic ratios of both 
hydrogen and oxygen in the water of liquid inclu- 
sions which may reflect changes in evaporation- 
induced salinity of crystallizing brines; or by varia- 
tions in the O'8 in the sulfate ion of gypsum and 
anhydrite which may change during evaporation of 
the parent brine yet be less affected by diagenesis 
than most other ions or radical components. 

Also needed are more complete studies of evapo- 
rite deposits in the process of being formed. Few 
marine deposits are forming today, and none has 
been examined in all ways that are desirable. More 
nonmarine deposits than marine are being formed 
today, and immediate studies of many are needed 
because these evaporites may not repeat their depo- 
sitional cycle. 

Perhaps the least understood geologic phenomena 
related to evaporites and brines are the roles and 
mechanisms of diagenesis. Almost immediately after 
deposition, some changes in mineral composition 
and form occur that stem from changes in the sur- 
rounding chemical and physical conditions relative 
to those extant at the site of original crystallization. 
Other changes occur later—for example, as deeper 
burial increases load pressures, as tectonic and other 
forces alter the hydraulic regimes that control the 
migration of interstitial brines, as time allows meta- 
stable assemblages of minerals to convert to ther- 
modynamically stable assemblages, and as clay, 
organic, and other substances that act as ionic filters 
change the compositions of brines passing through 
them. Field studies of these problems have been 
made, but progress is difficult because so much of 
the evidence has been destroyed or is not available 
from existing drill cores. Laboratory studies are 
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difficult because so many of the reactions are slow. 
Future research should be more fruitful because the 
problems are becoming better defined and new tech- 
niques are becoming available, but much remains 
to be done. 
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ABSTRACT OF CONCLUSIONS 


Feldspar is the general name for an important group of 
aluminum silicate minerals used primarily in the glass and 
ceramic industries. Although consumption in the United 
States has more than doubled since 1940, domestic reserves 
and resources are considered adequate for anticipated de- 
mand. Transportation costs are a major factor in the de- 
livered price of feldspar and contribute to the use of sub- 
stitutes where available. Research problems involve iden- 
tifying potential sources nearer to consumers. Demand for 
feldspar in the United States by the year 2000 is expected 
to be three to five times present production. This demand 
is in large part based on the increasing use of container 
glass and will depend partly on the recycling of bottle glass 
and the continued increase in the use of throwaway bottles. 


INTRODUCTION 


Feldspar is the general name for a group of an- 
hydrous aluminum silicate minerals that contain 
varying amounts of potassium, sodium, and calcium. 
The feldspars are important rock-forming minerals 


and constitute nearly 60 percent of many igneous 
rocks. The principal potassium feldspars, orthoclase 
and microcline, have the same chemical composition 
(KAISi,O;), but different crystal forms. The sodium- 
calcium feldspars, called plagioclase, form a com- 
plete series of minerals ranging from pure 
NaAlSi,O, (albite) to pure CaAl.Si,O; (anorthite). 
The plagioclase minerals between albite and anorth- 
ite in order of decreasing sodium content and in- 
creasing calcium content are oligoclase, andesine, 
labradorite, and bytownite. Most natural orthoclase 
and microcline contain 10-25 percent NaAISi,Os, 
and most plagioclase contains 5-15 percent KAISi,Os. 
Intergrowths of orthoclase or microcline with albite 
are called perthite and they are a common constitu- 
ent of pegmatites. 

Producers and consumers know feldspar as a bene- 
ficiated mixture composed of feldspar minerals with 
ideally less than 5 percent but sometimes as much as 
20 percent of quartz, and minor quantities of other 
minerals. Perthitic microcline (potash spar), albite 
(soda spar), and oligoclase (soda-lime spar) are the 
principal types of feldspar mined in the United 
States. 


USE AND ECONOMIC IMPORTANCE 


From 1955 to 1970, about 55 percent of the feld- 
spar sold in the United States was used in glass, 31 
percent in pottery, 4 percent in enamel, and 10 per- 
cent in soaps, abrasives, mineral fillers, welding-rod 
coatings, and other miscellaneous uses. Feldspar is 
a source of alumina, soda, and potash for glass. The 
alumina improves workability, retards devitrifica- 
tion, and increases the chemical stability of the fin- 
ished product. Iron oxide, a coloring agent, is the 
most common undesirable impurity in glass-grade 
feldspars. The maximum acceptable iron-oxide con- 
tent of feldspar for flint glass is 0.1 percent, but as 
much as 0.5 percent is acceptable for green or amber 
glass. Minerals too refractory to melt at tempera- 
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tures used in glass manufacture are undesirable 
impurities because unmelted fragments appear as 
flaws in finished glass. Specifications for most glass 
manufacture require the feldspar to be ground to 
minus 20 or 30 mesh and not more than 10-20 per- 
cent to be ground to minus 140 mesh. Minor amounts 
of feldspar were used in glass as early as 1895 but 
its use in container glass was generally adopted by 
major producers in 1924 and became standard indus- 
try practice about 1935. Use of feldspar in the flat- 
glass industry was standard by 1940. A little more 
than 110 pounds of feldspar is used in an average 
ton of glass containers and slightly less than 100 
pounds in a ton of flat glass. 

Feldspar is useful in ceramic batches because it 
fuses at lower temperatures than most of the other 
ingredients, and as a result, it cements crystalline 
phases in some types of ceramic bodies and acts as a 
flux in physicochemical reactions of crystalline 
phases in whiteware. The feldspar, which imparts 
strength, toughness, and durability to the finished 
product, makes up 10-85 percent of the body and 
30-50 percent of the glaze in many types of ceramics. 
The ratio of potash to soda in the feldspar affects the 
firing characteristics, and in general, high-potash 
material is preferred. Feldspar products are avail- 
able with potash-to-soda ratios varying from 5 to 1 
to less than 1 to 1. A maximum iron-oxide content of 
0.1 percent, specified limit for silica, and absence of 
dark mineral particles are also required. Feldspar 
for most ceramic use is ground to minus 200 mesh. It 
has been used as a separate ingredient in ceramics in 
China since the Tang dynasty (A.D. 621-945) and 
in Europe since the 18th century (Burgess, 1949, p. 
349). 

Uses of feldspar other than in glass and ceramics 
are few, and consumption is small, but use as a 
mineral filler, especially in latex, is growing. The 
most important other uses are in abrasives and 
scouring soaps because of physical properties such 
as cleavage, hardness, and white color Excellent 
cleavage in two directions provides sharp edges; but 
feldspar hardness, being less than that of glass, 
minimizes damage to glass and glazed whiteware by 
scratching. Feldspar is also used in electric welding- 
rod coatings as a source of potassium to improve arc 
characteristics and to serve as a flux. It has been 
used in roofing granules and poultry grit and for 
other crushed-stone uses. 

In recent years, various materials have been used 
in the glass and ceramic industries as substitutes for 
feldspar. Chief among these are nepheline syenite, 
aplite, talc, pyrophyllite, electric furnace slag, and 
lithospar. Most nepheline syenites contain too much 
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iron oxide for use in glass, but a deposit in Ontario, 
Canada, that is low in iron is mined extensively for 
this purpose. “‘Aplite” in the glass trade is the name 
for a mixture of plagioclase and microcline produced 
in Amherst and Nelson Counties, Va., by flotation 
methods from anorthosite. Tale replaces feldspar in 
dinnerware and wall tile; pyrophyllite is used in- 
stead of feldspar in enamels and wall tile. Electric- 
furnace slag is used as a substitute source of 
alumina for glass, and lithospar is a naturally occur- 
ring mixture of spodumene and feldspar used as a 
flux. 

The United States is or could be self-sufficient in 
feldspar production. In 1970 we imported 3,247 long 
tons, mostly from Canada, and exported about 5,000 
long tons. Reserves are large, and until recently the 
industry operated at only 50-percent capacity. Less 
than 1 percent of the feldspar used in the United 
States is imported, but large amounts of nepheline 
syenite, as a substitute for feldspar in glass and 
ceramics, are imported from Canada. These ship- 
ments began in 1936, and in recent years they have 
increased more rapidly than domestic feldspar pro- 
duction (fig. 25). The U.S. production of feldspar 
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FIGURE 25.—Crude feldspar sold or used by producers in the 
United States, 1900-1970, compared with imports of 
nepheline syenite 1937-1970. Derivation of domestic feld- 
spar is shown for 1955-70. Data from U.S. Geol. Survey 
and U.S. Bur. Mines, Mineral Resources of the U.S. 
and Minerals Yearbook, 1900-70. 


was about 28 percent of the estimated world pro- 
duction in 1970 (Wells, 1972, p. 2). 


1970 


FELDSPAR 


Principal production of feldspar in the rest of the 
world in 1970 is in Europe, close to large markets 
for glass and ceramics. Major producers are West 
Germany, the Soviet Union, Italy, France and Nor- 
way; smaller production came from Finland, Spain, 
Yugoslavia, Poland, Sweden, and Portugal. In Africa, 
the major producers are the Republic of South 
Africa and Ethiopia; in Asia, Japan, the Philippines, 
India, and Korea; in the Western Hemisphere, 
Mexico, Argentina, and Colombia. 

The forecast demand for feldspar in the United 
States in the year 2000, based on a projected growth 
rate of gross national product, is 2-3 million tons 
(Cooper and Wells, 1970, p. 983). Demand for feld- 
spar will fluctuate mostly with demand for glass 
containers, flat glass, and pottery. If a significant 
amount of bottle glass is recycled or if the use of 
throwaway bottles decreases, feldspar needs will 
decrease. 


EXPLOITATION 


Feldspar was first mined in the United States in 
1825. The mineral came from pegmatite bodies in 
Connecticut and was shipped to England for use in 
ceramics (DuBois, 1940, p. 207). Principal produc- 
tion from 1853 to 1910 was from Connecticut, New 
York, Maine, Pennsylvania, and Maryland. Although 
there is a legend that the Indians mined and sold 
semikaolinized feldspar from western North Caro- 
lina before 1744, the first recorded shipment from 
that State was made in 1911. Within several years 
North Carolina became a major producer of feldspar 
and has for many years accounted for at least half 
of the annual U.S. production. In recent years Cali- 
fornia, Connecticut, South Carolina, Georgia, and 
South Dakota have been our other important feld- 
spar producers. Production fluctuates from year to 
year, but it has in general steadily increased since 
1940, when use of feldspar in glass became common 
(fig. 25). 

Most of the feldspar produced in the United States 
until 1946 consisted primarily of perthite and oligo- 
clase hand-cobbed from coarse-grained pegmatites. 
In 1936, the U.S. Bureau of Mines began an investi- 
gation of the concentration of feldspar by table 
agglomeration and flotation (O’Meara and others, 
1939). The first commercial plant to produce feldspar 
for glass by flotation began operation at Kona, 
Mitchell County, N.C., in 1946. Use of flotation per- 
mitted low-cost mining of finer grained pegmatite 
and granite and expanded the potential sources of 
raw material. Quartz and flake mica are commonly 
byproducts of flotation feldspar. Some flotation feld- 
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spar is also produced as a coproduct in the mining 
of lithium-rich pegmatites, especially in North Caro- 
lina. Recent studies by the U.S. Bureau of Mines 
and others have shown the practicability of produc- 
ing feldspar, quartz, and mica concentrates from 
granitic rocks (Hill and others, 1969) and of utiliz- 
ing tailings from feldspar plants in North Carolina 
(Redeker, 1970). 

In 1970, about 57 percent of the feldspar used in 
the United States was taken from flotation concen- 
trates, 8 percent was hand sorted, and 35 percent 
was from feldspar-silica mixtures (Wells, 1972, p. 
2). In 1955, these figures were 40, 45, and 15 per- 
cent, respectively (fig. 25). 

Feldspar is mined by open-pit and underground 
methods. Most of the mines producing ore for bene- 
ficiation are open pits using power equipment and 
yielding 300-800 tons per day. Selective mining is 
done in zoned pegmatites, usually at a rate of less 
than 100 tons a day. The broken rock is sorted by 
hand during loading or on a picking belt. Feldspar 
has also been produced as a byproduct of sheet-mica 
mining, which requires the broken rock to be sorted 
and moved by hand. The number of small producers 
using hand-cobbing methods is decreasing as labor 
and material costs increase; in 1971, only four mills 
in the United States were using hand-cobbed ore. 
Details of the mining, beneficiation, and marketing 
of feldspar are given by Castle and Gillson (1960), 
Cooper and Wells (1970), and Feitler (1967). 

The average price of crude feldspar per long ton 
was $14.87 in 1970 and $9.51 in 1960 (Wells, 1972, 
p. 2). The average price of ground feldspar per 
short ton was $14.60 in 1970 and $13.40 in 1960. 
Prices quoted for ground feldspar for December 
1970 were as follows: North Carolina 20 mesh, flo- 
tation, $11.00; 200 mesh, flotation, $20.50-$26.00 
(Engineering and Mining Journal, 1970). 

Transportation cost is an important element in 
marketing feldspar for glass because the delivered 
cost per unit of alumina plus alkalies is the basis 
for determining relative value of competing feldspar 
products. Nepheline syenite from Canada has an 
advantage over feldspar from Southern United 
States in the glass markets of parts of New York, 
New Jersey, Pennsylvania, and Ohio because of its 
greater content of alumina plus alkalies and because 
of more favorable freight rates. The ceramic indus- 
try, however, is more concerned with a particular 
feldspar and its effect on the delicate balance of 
ceramic mix, plant operation, and product quality. 
In general, one feldspar product cannot be substi- 
tuted for another in a ceramic mix without extensive 
tests. A ceramic feldspar is sometimes shipped past 
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another producing plant to a consumer who would 
rather pay more freight than change suppliers. 
Environmental problems of feldspar mining are 
standard for a nonmetallic mineral mined by open- 
pit methods. Large dumps may be avoided by better 
coproduct or byproduct recovery, especially of quartz 
sand, mica, or feldspar-silica mixtures. Dust hazards 
also can be avoided. Some open pits may be utilized 
for lakes or reservoirs; the impounded water should 
generally be clear because sources of feldspar usually 
lack sulfide minerals that produce acid mine waters. 


GEOLOGIC OCCURRENCE 


Commercial deposits of feldspar are found in some 
pegmatites, many granites and related igneous rocks, 
and certain beach sands and alluvium. Most pegma- 
tites are light-colored coarsely crystalline igneous 
rocks, which are found as lenticular or tabular bodies 
in metamorphic rocks or in large granitic intrusions. 
Individual mineral grains and erystals range in 
length from less than 1 inch to many feet. Pegmatite 
bodies vary in size from small pods and veins to 
large masses hundreds of feet thick and thousands 
of feet long. Feldspar, quartz, and mica are the most 
common minerals present, but many rare and un- 
usual minerals are found in some deposits. In many 
pegmatite bodies the minerals are somewhat evenly 
distributed throughout, but in others the minerals 
are segregated into certain layers or parts of the 
body, called zones. These zones can sometimes be 
selectively mined to recover the desired minerals by 
hand sorting and are, therefore, important economi- 
cally. Most of the feldspar produced in the United 
States before 1946 was perthite, which commonly is 
abundant as very large crystals in the intermediate 
zones or cores of zoned pegmatite bodies. 

The principal pegmatite districts in the United 
States are in New England, especially Maine, New 
Hampshire, and Connecticut, in the Appalachian 
Piedmont from Virginia to Alabama, and in the 
Blue Ridge Mountains in North Carolina and Geor- 
gia. Smaller districts are in the Black Hills of South 
Dakota, the Front Range of Colorado, several areas 
in northern New Mexico, western Arizona, and 
southern California; minor districts are in Nevada, 
Montana, Wyoming, Idaho, and Washington (Cam- 
eron and others, 1949; Jahns, 1955). 

Granite and related igneous rocks are composed 
of one or two kinds of alkalic feldspar; quartz; and 
minor amounts of various other minerals, mainly 
muscovite, biotite, hornblende, or rarely pyroxene. 
Feldspar content ranges from 50 to 70 percent, and 
grain size from less than one-fourth inch to about 
an inch. Deposits range from small masses measured 
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in feet to very large masses measured in miles. 
Granitic rocks such as alaskite, that contain only 
small amounts of ferromagnesian minerals, locally 
are mined in bulk and a mixture of potassium and 
sodium feldspar recovered by milling and flotation. 
Mixtures of feldspar and quartz are also produced as 
byproducts of granite quarrying. 

Granites are common igneous rocks that occur 
widely in the crystalline terranes of the world. Large 
granitic bodies in the United States are scattered 
throughout New England; the older Appalachians 
from New York to Alabama; the Llano area, Texas; 
northern Wisconsin and adjacent Michigan; north- 
ern Minnesota; the St. Francois Mountains, Mo.; the 
Black Hills of South Dakota; the Rocky Mountains 
from New Mexico to Wyoming; and in isolated 
mountain ranges of Arizona, Utah, and Nevada. 
Large batholithic intrusions are in California, Idaho, 
Montana, and Washington. 

Feldspathic beach sands and alluvial deposits may 
be rich enough to be mined for their feldspar con- 
tent. The dune sands of Pacific Grove, Monterey 
County, Calif., which have been worked extensively, 
contain about 538 percent quartz, 46 percent feld- 
spar, and less than 1 percent other minerals in an 
area about 6 miles long and 1 mile wide. Alluvial 
deposits along the Mississippi, Illinois, Wabash, and 
Ohio Rivers and dune and beach sands of Pleistocene 
age in Illinois contain 5-25 percent feldspar, 2-12 
percent feldspathic rock fragments, 60-80 percent 
quartz, and some chert and heavy minerals. The 
alluvial sands are in low river terraces, in present 
channels, and in sandbars (Hunter, 1965). Similar 
deposits along the Kansas, Arkansas, Little Arkan- 
sas and Republican Rivers in Kansas contain as 
much as 27 percent feldspar. 

Authigenic potash feldspar has been reported 
from many sedimentary rocks of various lithologies 
and ages (Sheppard and Gude, 1965, p. 6). Feldspar 
content may range from less than 10 percent in 
some shales and siltstones to as much as 90 percent 
in some tuffaceous beds. Recent work on Cenozoic 
tuffs in saline lake beds in California, Oregon, Ne- 
vada, and Arizona has shown a definite zonal pattern 
to these deposits (Sheppard and Gude, 1968; Shep- 
pard and Walker, 1969). At the margins of former 
lakes, most of the tuff beds contain unaltered glass 
and grade into a zeolite facies toward the middle 
of the lakes; however, near the centers of the lakes 
in areas of higher salinity nearly pure beds of 
potash feldspar are found. The deposits studied to 
date contain more iron and are finer-grained than 
is desired for glass feldspar. The tuff beds, how- 
ever, are 2-8 feet thick and may cover tens of square 
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miles and so significant tonnages of nearly pure 
potash feldspar may be present in California in the 
Barstow Formation of Miocene Age, San Bernardino 
County, and in Lake Tecopa, Inyo County (Sheppard 
and Gude, 1965, 1968). 


RESOURCES 


IDENTIFIED AND HYPOTHETICAL RESOURCES 


Identified and hypothetical resources of feldspar 
in the United States are large enough to meet any 
anticipated demand, but quantitative data are not 
available for calculations on reserves. A recent esti- 
mate by the Bureau of Mines (Cooper and Wells, 
1970, p. 985) of our feldspar reserves is 500 million 
long tons of material similar to that being mined in 
1970. Reserves in the Spruce Pine district of North 
Carolina alone exceed 200 million tons of material 
within 50 feet of the surface (Brobst, 1962, p. A15). 
Immense hypothetical resources of feldspar exist in 
granitic rocks exposed in the igneous and meta- 
morphic terranes of the United States and many 
other countries. Although almost any granite can 
be used, those that contain few ferromagnesian 
minerals, such as the alaskite of Spruce Pine, N.C., 
are the most satisfactory. The average granite body 
is generally thousands of feet to several miles wide 
and may contain 60 percent or more feldspar plus 
potential byproduct quartz and flake mica. 

Reserves and resources of feldspar in pegmatites 
are difficult to estimate. Many deposits of high-grade 
potash feldspar in zoned pegmatites have been 
worked out, but most of these were in pegmatite 
bodies exposed at the surface. It is safe to assume 
that the present surface is a random sample of 
what exists at shallow depths, less than 500 feet, 
and therefore our undiscovered resources of feld- 
spar in zoned pegmatites not exposed but within 
minable depth are equal’ to the amount already 
mined, that is, more than 8 million tons. Prospecting 
for these deposits will not be easy, but detailed geo- 
logic mapping, geophysical techniques, drilling, and 
possibly geochemical methods can be used. Because 
of the availability of resources of fine-grained feld- 
spar and the low prices of crude ore, the additional 
expense in exploring for more zoned pegmatites is 
probably not justified at this time. 

Domestic and foreign reserves and resources of 
feldspar in feldspathic sands are also large. Such 
deposits may contain from 20 to at least 50 percent 
feldspar, at least 50 percent quartz, and only minor 
amounts of other minerals. Deposits may cover many 
acres or even square miles. Unlike nearly all other 
mineral deposits, alluvial sands dredged from stream 
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channels are renewable. Such deposits are becom- 
ing more desirable, not only because they can be 
mined inexpensively, but also because they can be 
used as feldspar-silica mixtures with very little 
beneficiation. A few deposits of this type have been 
studied and several are being mined, but many more 
probably exist. Recent mapping by the U.S. Geo- 
logical Survey in southern Delaware and adjacent 
Maryland has outlined a large outcrop area of the 
Beaverdam Sand, a feldspathic marine sand of Pleis- 
tocene age (J.P. Owens, written commun., 1972). 
Preliminary studies indicate a feldspar content as 
high as 50 percent of equal amounts of plagioclase 
and microcline. The sand has a known thickness of 
80-90 feet and is exposed in an area of about 1,800 
square miles. 

Resources of authigenic feldspar are very large, 
but until further study is made of the uses of such 
material, these deposits are only a potential resource. 


SPECULATIVE RESOURCES 


Identified and hypothetical resources of feldspar 
are so large that little thought has been given to 
speculative resources. The basic types of igneous 
feldspar deposits, the coarse-grained feldspar in peg- 
matite and the finer grained in granite, occur in 
igneous and metamorphic terranes, most of which 
are probably identified in much of the world. A few 
additional districts may be found in areas not yet 
mapped. The distribution of detrital and authigenic 
feldspar in sediments is not so well known, and the 
possibility of discovery of new districts is probably 
greater than for the igneous deposits. Speculative 
resources of both types are probably large, but 
prospecting and resource study will be concentrated 
more on the known districts or in areas nearest to 
markets because of the high cost of transportation 
and the low value of the commodity. 


PROBLEMS FOR RESEARCH 


Even though existing sources of feldspar are large, 
continued evaluation of potential sources should be 
made during regional geologic mapping. Because 
transportation costs make up a major part of the 
delivered cost of feldspar, the most pressing need 
in the United States is for discovery of supplies 
closer to consuming areas, especially in the Central 
States. Possible sources in that area—in feldspathic 
sands and granites—have been outlined, but addi- 
tional work is needed on technical feasibility, eco- 
nomic evaluation of markets, and byproduct recov- 
ery. Geologic mapping may outline additional or 
more economic sources in the Central States. 
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ABSTRACT OF CONCLUSIONS 


Fluorine is used by industry mainly as fluorspar (CaF») 
for flux in steel making; as synthetic cryolite (Na:AlF.) and 
aluminum fluoride in the manufacture of aluminum metal; 
and as fluorocarbons in refrigerants, aerosol propellants, 
solvents, and many other compounds. Fluorine consumption 
in the United States and the world has increased greatly 
since World War II, while fluorine production in the United 
States has remained static. The United States produces only 
20 percent of its requirement at the present. 


Fluorine in nature is dominantly in the combined form 
and tends to concentrate in specific geologic environments. 
Preferred igneous associations are silicic and alkalic extru- 
sives and intrusives, complex pegmatites, carbonatites, and 
contact aureoles of these. Sedimentary rocks containing con- 
centrations of fluorine are volcaniclastic, lacustrine, evapor- 
ite, marine carbonate, and marine phosphorite beds. Major 
concentrations of fluorine occur in hydrothermal fluorspar 
deposits. Hydrothermal deposits are distributed among a 
wide variety of geologic environments in the form of veins, 
mantos, stratiform beds, pipes, stockworks, and alteration 
zones. 

Commercial sources of fluorine to date have been domi- 
nantly hydrothermal deposits of fluorspar. Additional sources 
in the future will be as byproducts from ores of other com- 
modities, as coproducts of multicommodity ores, and from 
fluorine deposits other than hydrothermal. A major future 
source of fluorine will be as a byproduct of the processing 
of phosphate rock, because fluorapatite (Ca;(PO.,COs):F) 
is the major component of phosphate rock. 

World reserves of fluorspar (50 percent CaF.) are esti- 
mated to be 190 million short tons, of which 25 million are 
in the United States. Speculative resources of fluorine in 
the world are probably very large. 


INTRODUCTION 


Fluorine, a versatile element, is widely used in 
many industries and will probably remain in great 
demand in the future. Present and potential sources 
of fluorine are the major fluorine-bearing minerals 
fluorite, cryolite, fluorapatite, and topaz. In this 
report attention will be given mainly to fluorspar, 
the ore of the mineral fluorite, until recently vir- 
tually the only commercial source of fluorine. Syn- 
thetic cryolite now has commercial value, but with 
minor exceptions, other fluorine-bearing minerals 
have not had commercial value. 

Fluorspar is marketed in three grades; acid, 
ceramic, and metallurgical (Hodge, 1971, p. 10). 
Acid-grade fluorspar contains a minimum of 97 per- 
cent CaF, and a maximum of 1.5 percent Si0.. Lim- 
its are commonly placed on other common impuri- 
ties—CaCO:;, sulfide sulfur or total sulfur, iron, 
lead, zinc, and phosphorus. Ceramic-grade fluorspar 
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varies according to consumer demands but generally 
contains 85-96 percent CaF, and has limits on SiO., 
CaCO,, Fe.0;, sulfide sulfur, lead, and zinc. Metal- 
lurgical-grade fluorspar (metspar) is commonly 
listed in market quotations as 60, 70, and 72.5 effec- 
tive CaF, units; effective CaF, unit is a measure 
obtained by multiplying the SiO, content of the ore 
by 2.5 and subtracting this figure from the CaF, 
content of the ore. Specifications for metspar usually 
set maximum limits of 0.8 percent sulfide sulfur and 
0.25-0.5 percent lead. Consumers desire metspar in 
the form of lumps or gravel having no fines and a 
maximum size of about 2 inches. Pellets and briquets 
made from fines and flotation concentrates are now 
replacing lump and gravel metspar in the United 
States. It is significant from an economic standpoint 
that metspar is used virtually as it occurs in nature, 
fluorite (CaF.) plus impurities. 

Fluorspar as a flux in steel making accounts for 
33 percent of the U.S. fluorine demand; fluorspar 
as an iron foundry flux, a nonferrous metals flux, 
and an additive in electrometallurgy accounts for 
8 percent. Several possible substitutes for fluorspar 
in steel fluxing have been tried, including calcium 
chloride, bauxite and colemanite (hydrated borate 
of calcium). None of these appears to be usable on 
a large scale, but a concentrated effort is being 
made by the steel industry to develop a usable syn- 
thetic flux. 

Cryolite (Na,;AIF,) and synthetic aluminum fluor- 
ide are essential in the manufacture of aluminum 
metal. Most cryolite used is synthetic and is made 
by combining caustic soda, alumina, and hydro- 
fluoric acid, or is prepared from waste solutions 
containing 15-25 percent fluosilicic acid recovered 
in manufacture of superphosphate. 

Natural or synthetic cryolite is the major flux 
used in reducing alumina to aluminum metal in 
electrolytic cells, and this use accounted for about 
18 percent of the U.S. fluorine demand in 1968. Not 
all the fluorine is lost in this process, and progress 
is being made in recovering some of the fluorine 
volatilized or wasted. This practice may reduce 
slightly the acid-grade fluorspar requirement from 
the present 135 pounds per ton of aluminum pro- 
duced. The use of lithium carbonate as an additive 
in aluminum manufacture also seems to reduce the 
fluorine consumption. 

Fluorine consumed in the United States is mainly 
in the form of fluorspar, 44 percent; hydrofluoric 
acid (fluorocarbons), 35 percent; hydrofluoric acid 
(cryolite), 18 percent; and fluosilicates, 3 percent 
(MacMillan, 1970, p. 993). The production of fluoro- 
carbon compounds has only recently reached its 
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present consumption level and will probably remain 
a major consumer of fluorine for some time. Fluoro- 
carbon compounds are used in many ways—refrig- 
erants, aerosol propellants, solvents, and special-use 
plastics—and demand for fluorine is expanding 
rapidly as new uses of these unique compounds are 
developed. Fluorocarbons conceivably could be re- 
placed in part by liquid nitrogen and compressed 
gaseous nitrogen, which are readily available now 
as byproducts of liquid-oxygen production. Fluorine 
used in the ceramic, glass, welding-rod, and enamel 
industries constituted about 6 percent of the U.S. 
fluorine demand in 1968. 

In 1970 the United States accounted for about 6 
percent of the world’s production of fluorspar but 
consumed 30 percent of this production. Thus in 
that year the United States produced only 20 per- 
cent of the fluorspar it consumed; the other 80 per- 
cent was imported mainly from Mexico, Spain, and 
Italy. In the recent past the United States produced 
only 15 percent of its consumption of fluorine; the 
1970 increase probably reflects in part the release 
by the U.S. Government of large amounts of stock- 
piled acid-grade fluorspar. 


EXPLOITATION 


Until recently, fluorspar was virtually the only 
source of fluorine, and it will probably remain the 
major source in the near future. A relatively minor 
amount of the fluorine consumed is at present being 
recovered from the processing of phosphate rock, 
which, along with other byproduct and coproduct 
sources, will become increasingly important in the 
future. Though data are not readily available, the 
amounts of byproducts recovered from fluorspar 
mining in the past apparently were not significant. 
Sulfide concentrates—mainly lead, zinc, and silver— 
are recovered in some operations, and barite is re- 
covered as a coproduct in a few operations. 

Since World War II (fig. 26) world fluorspar pro- 
duction and U.S. fluorspar consumption have in- 
creased greatly, whereas U.S. production has 
remained nearly static. The great increase in fluor- 
spar consumption reflects the worldwide increased 
production of steel and aluminum and the utiliza- 
tion of fluorocarbons in many new industries. 


GEOLOGIC ENVIRONMENT 


GEOCHEMISTRY 
Fluorine (atomic number 9, atomic weight 19) 
consists of a single isotope occurring in nature 
mostly as a singly charged anion, F—, but also oc- 
casionally as a compound of complex anions, such 
as (BF,)~—. Fluorine is a gaseous element, and large 
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amounts of gaseous fluorine are given off in some 
active volcanic areas. Most fluorine in nature, how- 
ever, is found combined in solid form. The radius 
of the fluoride ion F— (1.33 A) is very close to that 
of the hydroxyl ion (OH)~- (1.33 A) and the oxygen 
ion O-? (1.382 A), and with proper valence condi- 
tions, diadochic substitution of F- for (OH)~- or 
O-? is relatively simple. Fluorine in the lithosphere 
therefore is tied up as an essential element in fluor- 
ide minerals or as a substitute in other minerals, 
mainly silicates and phosphates. Fluorite, CaF, is 
geologically the most abundant and economically the 
most important fluoride. Some other fluorides of 
possible economic significance are cryolite, Na,;AIF,; 
sellaite, MgF.; villiaumite, NaF; and bastnaesite, 
(Ce,La) (CO;)F, whereas other, still less common 
fluorides will probably be of little economic signifi- 
cance in the future. Fluorine occurs in many sili- 
cate minerals, including tourmaline, topaz, and the 
micas phlogopite, zinnwaldite, lepidolite and biotite, 
and in the phosphates monazite, xenotime, fluorapa- 
tite, and amblygonite. Fluorapatite, Ca,(PO,,CO;)3F, 
and topaz, Al,SiO,(F,OH)., are of economic sig- 
nificance. 
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The organic chemistry of fluorine in terms of 
fluorosis and fluorocarbons is well understood; the 
geochemistry of fluorine is not. The distribution of 
fluorine in the earth’s crust can be noted but not ade- 
quately explained. Crustal abundance is difficult to 
determine. Fleischer and Robinson (1963, p. 67) 
reported a value of 650 ppm (parts per million) 
fluorine for the average content of the continental 
rocks of the earth’s crust. They also gave the follow- 
ing mean values, in parts per million, for various 
rock types: basalt, 360; andesite, 210; rhyolite, 480; 
phonolite, 930; gabbro and diabase, 420; granite and 
granodiorite, 870; alkalic rocks, 1,000; limestone, 
220; dolomite, 260; sandstone and graywacke, 180; 
shale, 800; oceanic sediment, 730; and soil, 285. The 
geochemical cycle of fluorine and the problems as- 
sociated with fluorine determinations were discussed 
by Fleischer and Robinson (1963) and Barth 
(1947). 

Although fluorine is widespread throughout the 
lithosphere, biosphere, and hydrosphere, it tends to 
be concentrated in fairly specific environments. In 
igneous activity fluorine is considered as a charac- 
teristic component of the volatile phase of magmatic 
differentiation. More specifically fluorine is concen- 
trated in alkalic and silicic hypabyssal and ex- 
trusive rocks and related hydrothermal deposits, in 
complex pegmatites, in carbonatites, and in altera- 
tion zones, including greisens, associated with al- 
kalic, silicic and carbonatite intrusive rocks. 
Fluorine becomes concentrated in sedimentary en- 
vironments largely by precipitation as fluorite, other 
fluorides, or fluorapatite during accumulation of the 
sediments or during their subsequent diagenesis. 
These minerals are not common as detrital com- 
ponents of the rocks. Five general groups of sedi- 
mentary deposits contain concentrations of fluorine: 
voleaniclastic, lacustrine, evaporite, marine carbon- 
ate, and marine phosphate beds. 

Fluorine is a common but variable constituent of 
gases and waters of volcanic origin, mainly as HF 
but also as F., SiF,, and H.SiF,. Volcanic exhala- 
tions contribute large quantities of fluorine to the 
surface environment. For example, Zies (1929) esti- 
mated that at one time the Valley of Ten Thousand 
Smokes, Alaska, was releasing HF at the rate of 
200,000 tons annually. 

The fluoride content of ground water ranges from 
zero to a maximum recorded value of 67.2 ppm, and 
few waters contain more than 10 ppm. Large areas 
of the world, however, locally have ground waters 
containing more than 1.5 ppm F. The fluoride con- 
tent of ground water depends in part upon the 
nature of the bedrock. Alkalic igneous rocks, dolo- 
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mites, phosphorites, and, especially, volcanic glass 

give rise to high fluoride waters. 

Surface waters vary greatly in fluoride content 
depending upon source of the water and amount of 
rainfall, the fluoride content generally being higher 
in dry periods. Fleischer and Robinson (1963) gave 
0.2 ppm as the average fluoride content of rivers. 
This figure also is probably close to that for fresh- 
water lakes. Highly saline lakes, on the other hand, 
have much higher fluoride contents: 14 ppm is re- 
ported for Great Salt Lake, Utah, and as much as 
1,627 ppm for lakes in Kenya. 

Individual species of plants contain variable quan- 
tities of fluorine depending upon the amounts they 
need for growth and the amounts available in the 
soil or air. Some plants can be classed as fluorine 
accumulators, and some plants increase in fluorine 
content with age. Other plants accumulate fluorine 
from the air only. All these factors must be con- 
sidered if fluorine in plants is to be used in explora- 
tion for ore deposits. 

Fluorine deposits of past and present significance, 
of probable future significance, and of possible fu- 
ture significance are classified into the following 
four groups, which, although they overlap and inter- 
grade somewhat, provide a convenient basis for 
further discussion. 

1. Fluorine deposits associated with igneous rocks. 
Includes disseminated deposits, deposits in 
pegmatite and carbonatite, and deposits in con- 
tact aureoles. 

2. Fluorine deposits associated with sedimentary 
rocks. Includes those in voleaniclastic and la- 
custrine sedimentary rocks and those in evapo- 
rite, marine carbonate, and phosphorite rocks. 

3. Fluorine deposits associated with regionally 
metamorphosed rocks. 

4. Fluorine in hydrothermal (hot water) deposits. 
Includes those in veins and mantos, in pipes 
and stockworks, and in zones of alteration. 


FLUORINE DEPOSITS ASSOCIATED WITH 
IGNEOUS ROCKS 

Fluorine deposits associated with igneous rocks 
contain fluorine minerals that are considered to be 
genetically related to the igneous rocks. These de- 
posits include accessory fluorine minerals dissemi- 
nated through the igneous rock and fluorine minerals 
in pegmatites, carbonatites, and contact aureoles of 
intrusive rocks. Fluorine-bearing igneous rocks of 
possible future economic significance are hypabys- 
sal bodies and extrusive rocks, generally of alkalic 
or silicic-alkalic composition, and plutonic rocks of 
silicic composition. Topaz and fluorite occur in some 


silicic voleanic rocks of the Western United States 
(Shawe, 1966, p. C209), where they are dispersed 
through the rock and concentrated within vugs. 
Stocks of alkalic rocks in the Western United States 
and in many other parts of the world contain fluorite 
and, in places, topaz as accessory minerals. Fluorite 
also is a common constituent of batholithic rocks of 
granite composition in South Africa, Newfoundland 
(Van Alstine, 1944), the United States, Eastern 
Mongolia (Khasin and Kalenov, 1965), and many 
other parts of the world. Although large amounts of 
fluorine occur in these rocks, the tenor is low, gen- 
erally less than 2 percent CaF,. 

Some pegmatites and carbonatites are mined for 
their fluorine content. Pegmatites commonly contain 
local concentrations of fluorite and other fluorides, 
but not in large volume. Most fluorite mined from 
pegmatites has been used as specimens or for optical 
purposes. However, the fluorspar deposits at Crystal 
Mountain, Mont., and the cryolite deposits at Ivig- 
tut, Greenland, are both considered to be almost 
monomineralic pegmatites. The Crystal Mountain 
deposits are mainly fluorite but have minor amounts 
of biotite, quartz, feldspar, sphene, rare-earth-bear- 
ing apatite, amphibole, fergusonite, thorianite, and 
thortveitite (Parker and Havens, 1963). This de- 
posit is exceedingly rich and has yielded a substan- 
tial amount of fluorspar since production began in 
1952. The deposit at Ivigtut, Greenland, is largely 
cryolite but also contains complex fluorides, fluorite, 
microcline, topaz, columbite, siderite, sphalerite, 
galena, and chalcopyrite. 

Carbonatite complexes are notably enriched in 
fluorine, which is mostly dispersed through the rock 
in silicates and apatite. Economic fluorine deposits 
associated with carbonatite complexes are contact- 
zone deposits and late-stage hydrothermal veins. 
Deposits at Okorusu in South West Africa and at 
Amba Dongar, India, are of this type (Deans and 
others, 1972). Apatite-bearing carbonatite rock is 
the principal source of phosphate in southern and 
eastern Africa. The apatite rocks, of which there are 
considerable reserves, contain 1-3 percent fluorine 
(Deans, 1966, p. 393). Apatite-bearing carbonatite 
rock near Jacupiranga, Sao Paulo, Brazil, being 
mined for phosphate, contains 4—5 percent fluorine 
(Abreu, 1960, p. 123), and apatite-bearing carbona- 
tite rocks in the U.S.S.R. are a present source of 
fluorine; the fluorine is recovered as a byproduct of 
fertilizer production. Carbonatite at Mountain Pass, 
Calif., contains at least 1 percent fluorine, mostly in 
bastnaesite (Olson and others, 1954). 

Fluorite, topaz, and apatite are common minerals 
in contact aureoles around many intrusive bodies, 
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mainly silicic and alkalic rocks and carbonatite com- 
plexes. The fluorine minerals occur in tactite and in 
posttactite hydrothermal veins and replacement 
bodies. Contact-zone fluorspar deposits, mined in 
Korea and Japan, are generally small podlike bodies 
about 20 meters long, 10-15 meters wide, and 10 
meters high. The deposits in Korea are replacement 
bodies in limestone at the contact with younger 
“oranites” and are of two types: a low-temperature 
type consisting mainly of fluorite, quartz, and coarse- 
ly crystalline calcite, and a high-temperature type 
consisting of epidote and calc-silicates in addition to 
fluorite, quartz, and calcite (Gallagher, 1963, p. 93). 
Both types contain some sulfides. 

Fluorspar deposits associated with the Okorusu 
complex in South West Africa are veins and replace- 
ment bodies in the contact aureole of carbonatite 
intrusives. At Amba Dongar, India, the main eco- 
nomic concentrations of fluorite occur as veins and 
replacement bodies in carbonate wallrock around 
late-stage ankeritic carbonatite intrusives which are 
also fluorite-bearing (Deans and others, 1972, p. 
B6). Fine-grained cherty quartz and minor amounts 
of barite, dickite, galena, pyrite, and chalcopyrite 
are associated with fluorite at Amba Dongar. Meta- 
somatic phlogopite rocks around carbonatite plugs 
in Zambia, Malawi, and Rhodesia contain anomalous 
amounts of fluorine. The fluorine in these dull-gray 
rocks is contained largely in fluor-phlogopite, but 
some occurs in sellaite (Deans and others, 1972, 
p. B6). 


FLUORINE DEPOSITS ASSOCIATED WITH 
SEDIMENTARY ROCKS 

Some fluorine deposits in sedimentary rocks ap- 
pear to be genetically related to the enclosing sedi- 
ments, but some of the deposits may be of hydro- 
thermal or metasomatic origin. They occur in vol- 
caniclastic sedimentary rocks; lacustrine deposits; 
and evaporite, marine-carbonate, and marine-phos- 
phate rocks. Fluorine minerals generally do not oc- 
cur in detrital accumulations of economic value. 

Although volcanic ash commonly contains fluorine 
in glass shards and absorbed on tephra, commercial 
or potential deposits of fluorine in volcaniclastic 
sedimentary rocks seem to be either disseminated 
deposits of probable hydrothermal origin or inter- 
bedded deposits of lacustrine origin. Fluorite-berylli- 
um deposits in altered volcaniclastic sedimentary 
rocks near Spor Mountain, Utah, described later in 
this chapter, are considered to be of hydrothermal 
origin. Fluorspar deposits near Rome, Italy, and 
Rome, Oreg., are lacustrine deposits interbedded 
with volcaniclastic sedimentary rocks. 
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Fluorspar deposits in unconsolidated tuffs near 
Rome, Italy, are lenses composed of finely crystalline 
fluorite, barite, calcite, dolomite, apatite, opal, and 
chaleedonic quartz and minor amounts of detrital 
minerals and volcanic glass. The fluorite content of 
some zones averages 55 percent. These lenses are 
thought to be sedimentary deposits of chemical 
origin formed in lake basins that were subject to 
emanations of hydrothermal fluids rich in fluorine, 
calcium, barium, strontium, silicon, sulfur, and 
phosphorus (Spada, 1969). 

Near Rome, Oreg., fluorite occurs as submicro- 
scopic, nearly spherical grains in tuff, tuffaceous 
mudstone, and mudstone of Tertiary lacustrine de- 
posits. Fluorite content is generally less than 5 per- 
cent but is as much as 16 percent in some zones. 
According to Sheppard and Gude (1969, p. D69) the 
“fluorite probably formed during diagenesis in sedi- 
ments that had been deposited in an alkaline, saline 
lake.” 

Some lacustrine brines and evaporites contain con- 
centrations of fluorine; the best examples are the 
brines and recent evaporites of lakes in the rift val- 
leys of Africa, where lake waters contain as much 
as 1,627 ppm fluorine. The evaporite sequence of 
Lake Magadi, Kenya, composed largely of trona, 
locally contains as much as 22 percent villiaumite 
(NaF), and fluorite is common throughout much of 
the sequence (Sheppard and Gude, 1969, p. D73). 

In the U.S.S.R., possible economic concentrations 
of fluorine in marine carbonates and evaporites of 
the Permian Preurals have been noted (Abramovich 
and Nechayev, 1960). Fluorite occurs as a fine dis- 
semination and as crystalline aggregates in vugs in 
dolomitized limestone. The CaF, content of some 
zones exceeds 30 percent. In the United States a 
minor occurrence in Permian dolomitic limestones of 
the Rocky Mountains contains 12-15 percent CaF,. 
In marine carbonates of the U.S.S.R., as noted by 
Kazakov and Sokolova (1950), fluorite is related to 
the saline facies of relict basins, mainly to dolomite, 
dolomitized limestones, gypsum, redrocks, anhydrite, 
potassium and magnesium salts, and celestite. Ac- 
cording to them (p. 68 of the English translation) 
the fluorite was precipitated from sea water that 
had been concentrated three to four times, and con- 
tinued to precipitate from the brine in a dying sea 
basin where potassium salts and borates were being 
deposited. 

The ore mineral of sedimentary phosphate rock is 
carbonate fluorapatite with ratio of F to P.O; about 
1 to 10. Phosphate rock contains as much as 4 per- 
cent F and 40 percent P;O;, although lower grade 
deposits are now mined for their phosphate content. 
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Plants in eight countries are recovering fluorine as a 
byproduct (Wood, 1972). The fluorine in phosphate 
rock could have been part of the original precipitate, 
or, inasmuch as calcium phosphate or calcium 
hydroxy-phosphate can collect fluorine from very 
dilute solutions, it could have been introduced later. 
(See also the chapter in this volume entitled 
“Phosphates.’’) 


FLUORINE DEPOSITS ASSOCIATED WITH 
METAMORPHIC ROCKS 

Topaz and tourmaline are common in metamor- 
phic rocks and may represent future sources of 
fluorine. For example, a Precambrian topaz-quartz- 
sillimanite gneiss in the central part of the Front 
Range, Colo., contains major amounts of topaz 
(Sheridan and others, 1968). This unit, part of a 
high-grade metamorphic gneiss and granitic plutonic 
complex, is 11-100 feet thick and crops out along 
strike for 7,000 feet. Three composite chip samples 


of this unit were found to contain 67, 23, and 36. 


weight percent topaz and 4.2, 3.9, and 2.2 weight 
percent rutile. The gneiss may warrant investigation 
as an ore of rutile, especially since it might also yield 
topaz or topaz and sillimanite as byproducts (Sheri- 
dan and others, 1968). 


FLUORINE IN HYDROTHERMAL DEPOSITS 

Historically, the dominant commercial sources of 
fluorine have been fluorspar deposits of hydrother- 
mal origin. Hydrothermal fluorspar occurs in a wide 
variety of types of deposits formed in many geologic 
environments under a wide range of physical-chemi- 
cal conditions. Fluorite is generally the only fluorine 
mineral in these deposits, and its abundance ranges 
from nearly 100 percent down to trace amounts. 
Other common minerals are quartz, chalcedonic 
quartz, opal, barite, manganese oxides, calcite, clay 
minerals, and lead and zinc sulfides. The following 
elements are commonly, but not universally, present 
in these deposits, and at many places they are in 
trace amounts only: silver, gold, beryllium, iron, 
manganese, molybdenum, lead, the rare earths, tin, 
tellurium, uranium, vanadium, tungsten, and zinc 
(Worl, 1971). Hydrothermal fluorite occurs in al- 
most any type of host rock but especially in carbon- 
ate, silicic igneous, and silicic metamorphic rocks. 

The form of hydrothermal fluorspar deposits is 
the standard basis for their classification. Most 
common forms are veins and mantos, which are 
abundant in well-defined regions of the world. Indi- 
vidual veins range in thickness from millimeters to 
several meters and are as much as several kilometers 
in length. Fluorspar mantos, or blanketlike replace- 
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ments of rock, are generally confined to marine car- 
bonate rocks and commonly extend outward from 
veins. Mantos are irregular lenticular or wedge- 
shaped bodies and are not layered concordantly with- 
in a stratigraphic sequence. Fluorspar in many veins 
and mantos is characterized by monomineralic band- 
ing, crustification, and mammillary textures. Mas- 
sive crystalline material, breccias, and fine-grained 
earthy material are also common. Most fluorspar 
veins and mantos contain at least 35 percent CaF,; 
many contain at least 70 percent CaF.; and some 
contain as much as 98 percent CaF;. 

Although host-rock compositions were important 
in localizing many individual deposits, regional 
structures controlled the location of most hydrother- 
mal fluorspar districts. Fluorite veins and mantos in 
many areas are confined to large faults and subordi- 
nate fissures of deep-seated regional tensional na- 
ture, as in India (Deans and others, 1972), in 
Eastern Mongolia (Khasin and Kalenov, 1965), in 
the Western United States (Worl, 1971), and along 
the rift valleys of Africa. Regional domes and arches 
helped localize fluorspar mineralization in the Illi- 
nois-Kentucky district of the United States (Heyl 
and Brock, 1961) and in the North Pennine ore field 
of the United Kingdom (Sawkins, 1966). Hydrother- 
mal fluorspar veins and mantos have been docu- 
mented all over the world, some of the best known 
occurring in Mexico (Van Alstine, 1961), the 
United States (Grogan and Bradbury, 1968), Spain 
(Marin and delLis, 1945), Brazil (Abreu, 1960), 
South Africa (DeKun, 1965), the U.S.S.R. (U.S. 
Bur. Mines, 1958), Korea (Gallagher, 1963), Canada 
(Van Alstine, 1944), Italy (Spada, 1969), France 
(Chermette, 1960), Pakistan (Bakr, 1965), and 
Thailand (Gardner and Smith, 1965). 

Some districts characterized by veins and mantos 
contain individual hydrothermal fluorspar deposits 
best described as stockworks and pipelike bodies. 
Fluorspar pipes mined in the Thomas Range, Utah, 
and near Beatty, Nev., are circular to elliptical in 
plan and range in diameter from 5 to about 45 
meters (Peters, 1958, p. 672). Much of the fluorspar 
at Jamestown, Colo., and the Buffalo mine, Union of 
South Africa (DeKun, 1965, p. 409), is in the form 
of stockworks of veins and veinlets. Fluorspar pipes 
and stockworks commonly occur at fault intersec- 
tions and are generally associated with stocks and 
hypabyssal bodies of igneous rock. Fluorspar pro- 
duction from Jamestown, Colo., has been from brec- 
cias containing 50-90 percent CaF, within the stock- 
work. Fluorspar in stockworks generally is diffused 
through large bodies of rock so that the ore grade is 
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low, but the reserves may be substantial. 

In the Western United States many areas of hydro- 
thermally altered volcanic rock, agglomerates, vol- 
caniclastic sediments, and unconsolidated clastic 
sediments contain dispersed fluorite. The fluorite- 
beryllium deposits near Spor Mountain, Utah, and 
the Honey Comb Hills, Utah, are good examples 
(McAnulty and Levinson, 1964). Altered water-laid 
tuff near Spor Mountain, Utah, contains commercial 
amounts of beryllium and about 4 percent CaF;. 
Microscopic fluorite occurs dispersed through altered 
tuff and in a fine-grained intergrowth with opal and 
chalcedony in nodules as much as 30 centimeters in 
diameter. Part of the fluorite in these deposits proba- 
bly represents redeposition of fluorine leached from 
the included volcanic ash. However, much of the 
fluorine, along with beryllium, gallium, lead, lithium, 
niobium, cesium, and yttrium, seems to have been 
introduced with laterally spreading hydrothermal 
solutions (Staatz and Griffitts, 1961; D. A. Lindsey, 
oral commun., 1972). 

Hydrothermal fluorspar deposits in general 
formed under a wide range of conditions, from high 
pressure and temperature at depth to low pressure 
and temperature near the surface, and were pre- 
cipitated from solutions of varied chemical composi- 
tion. Nevertheless, each individual deposit formed 
under a relatively small range of conditions. Fluorite 
at the Tyrny-Auz skarn complex, North Caucasus, 
U.S.S.R., formed from pneumatolytic and hydro- 
thermal solutions at temperatures in excess of 500° 
C. The initial hydrothermal solutions were highly 
supercharged with chlorides and fluorides of sodium, 
potassium, calcium, and other elements (Lesnyak, 
1965, p. 484). At Jamestown, Colo., fluorite in a 
stockwork next to an alkalic intrusive formed from 
solutions that varied in composition with time and 
space. The main-stage fluids were highly saline (26— 
32 percent equivalent NaCl) and near 350°C, though 
the fluids at times were alternately supersaline, CO, 
rich, or relatively dilute and cool (J. T. Nash and 
C. G. Cunningham, oral commun., 1972). Fluorite in 
veins not closely associated with igneous rocks in 
southern New Mexico formed from solutions that 
changed with time. As the temperature decreased 
from about 200°C to about 140°C over several sub- 
stages of deposition, the salinity increased from 
about 10 percent equivalent NaCl to about 15 percent 
equivalent NaCl (Roedder and others, 1968, p. 336). 
Fluorite in banded and crustified epithermal veins, 
common throughout the world, formed from very 
dilute solutions at temperatures ranging from 50° 
to 200°C (Ermakov, 1965, p. 197; Steven, 1960, p. 
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410). The nature of near-surface fluorite deposits, 
such as at Spor Mountain, Utah, suggests that the 
fluorite must have been deposited from very dilute 
and low-temperature (50°-100°C) solutions. Strati- 
form lead-zinc-fluorine-barium deposits of the Eng- 
lish Pennines and the Illinois-Kentucky district were 
formed from relatively high-salinity solutions (20 
percent equivalent NaCl) at temperatures ranging 
from 75° to 200°C (Sawkins, 1966, p. 385). 

Many fluorine deposits can be attributed to late 
stages of igneous activity. The solutions depositing 
the fluorine in many places seem to have had a com- 
mon source with the magmas that formed related 
fluorine-bearing igneous bodies and carbonatite com- 
plexes. The common source was probably a differen- 
tiating magma deep in the crust or a zone of frac- 
tionation in the upper mantle. The partitioning of 
fluorine between the hydrothermal solutions and the 
late siliceous magma must have been nearly equal. 

The source of the ore-forming solutions for some 
fluorine deposits, such as the stratiform deposits of 
the English Pennines and the Illinois-Kentucky dis- 
trict, is much debated. Most workers agree that these 
deposits formed from slow-moving, relatively hot 
(75°—200°C), dense, sodium-calcium-chlorine-fluo- 
rine brines containing abundant organic matter. 
Davidson (1966) suggested that the brines were de- 
rived from the diagenesis of overlying evaporites 
and that they concentrated their metals from the 
limestone and other rocks traversed. Dunham 
(1966), pointing to the low sodium/potassium ratios 
of the brines, as little as 6:1, compared with 39:1 
for normal sea water, suggested that the relative 
enrichment in potassium appears to rule out purely 
connate solutions as the source of the brines. He 
preferred nonevaporitic connate water, reinforced 
by juvenile fluids associated with an igneous heat 
source below, as the origin of ore-forming brines. 
Grogan and Bradbury (1968) suggested that the 
brines were magmatic, connate, and meteoric in 
origin, and that the fluorine and metals were of mag- 
matic origin. 

Probably in most fluorine deposits the materials 
making up the ore-forming solution came from more 
than one source. The ultimate source of the fluorine 
needed to form the deposits is generally unknown; 
the relationship of fluorine deposits to major struc- 
tures points to a deep-seated origin. Still, the re- 
gional distribution of fluorine in the Western United 
States through geologic time suggests that once a 
specific region becomes enriched in fluorine, it re- 
mains so through several geologic cycles and episodes 
of mineralization (Peters, 1958, p. 685). 
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RESOURCES 
IDENTIFIED AND HYPOTHETICAL RESOURCES 


Fluorspar deposits, although generally small, are 
relatively abundant and widespread throughout the 
world. The world’s known reserves are adequate to 
meet the current demand, especially as fluorspar 
prices rise; improved mining and processing tech- 
niques have increased reserves substantially over 
earlier estimates. The beneficiation of fluorite-barite 
ores, now profitable in the United States, United 
Kingdom, Italy, Spain, and Tunisia, has extended 
world reserves. Fluorspar is currently one of the 
most sought-after industrial minerals, and deposits 
continue to be discovered in many countries. The 
most recently found deposits are chiefly in the 
United States, Mexico, Argentina, Brazil, United 
Kingdom, France, Spain, Italy, Thailand, India, and 
southern Africa. 

Fluorspar resources are chiefly in shallow, low- 
temperature, hydrothermal vein, pipe, and manto or 
stratiform deposits; however, an increasingly im- 
portant source of fluorspar will be as a coproduct of 
mining and processing certain ores of iron, lead, 
zine, bismuth, tungsten, molybdenum, tin, beryllium, 
and rare earths that contain fluorite as a minor con- 
stituent. In the United States it is now profitable to 
mine ores containing as little as 15-20 percent CaF, 
if they have sufficient lead or zine values to compen- 
sate for the low fluorite content. Molybdenum de- 
posits of the Western United States, such as at 
Questa, N. Mex., contain fluorite; and although the 
percentage is small, the large tonnages of rock 
processed may warrant extraction of fluorite. Con- 
tact replacement iron-ore deposits in the Iron 
Springs district, Iron County, Utah, contain fluorap- 
atite. Although the fluorine content is less than 1 
percent, fluorine is being extracted during process- 
ing of this ore for its iron content. Environmental 
considerations in the future, in fact, may demand the 
recovery of fluorine during ore processing so that it 
is not released into surficial material, the atmos- 
phere, or surface waters. More and more fluorspar 
will be recovered elsewhere from mine dumps and 
tailings resulting from the working of some metalli- 
ferous deposits, as is now being done in Mexico, the 
United Kingdom, and Spain. 

The estimate of the world’s resources of fluorspar 
ore in table 44 is based largely on published informa- 
tion. The figures are rounded, but they indicate 
orders of magnitude. This new total for the esti- 
mated fluorspar resources of the world, 190 million 
tons, agrees well with recent estimates of 150 mil- 
lion tons by Chermette (1968) and 182 million tons 
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TABLE 44.—Estimated fluorspar resources of the world 


[Millions of short tons of crude ore. The ratio of crude fluorspar ore to 
processed fluorspar recovered is about 3:1] 


Identified Hypothetical 
Area resources 1 resources ? 

25 45 

25 50 

10 15 

62 84 

39 310 

25 62 

SouthwAmenicac= aan eee eeeee 3 6 
Aus traliaig ste eee eee So err 1 1 
Motalls 220 ee See eae 190 573 


1 Chiefly exploitable economic ore containing 35 percent or more 
CaF2 or equivalent in combined fluorspar and metal values. The average 
CaF2 content is about 50 percent. Includes some subeconomic material. 

2 Some material of ore grade, but much rock is exploitable only under 
more favorable economic or technologie conditions. Deposits incompletely 
known, because few subeconomic fluorspar deposits have been explored. 

3 Chiefly France, Germany, Italy, Spain, United Kingdom, and U. ~R 

* Chiefly Kenya, Morocco, Mozambiaue, Rhodesia, South West Africa, 
Tunisia, and Union of South Africa 

5 Chiefly China, India, Korea, and Thailand. 

6 Chiefly Argentina and Brazil. 


by the U.S. Bureau of Mines (Wood, 1972). Hach of 
the two countries with the largest resources of 
fluorspar, Mexico and the United States, has about 
25 million tons. 

A previous detailed reserve estimate (Van Alstine, 
1956) for fluorspar deposits of the United States 
showed 22.5 million tons of commercial ore and about 
12 million tons of lower grade material containing 
15-35 percent CaF,. As a result of mining and dis- 
coveries since 1956, the identified resources in the 
United States are now estimated at about 25 mil- 
lion tons, largely in Illinois, Kentucky, Texas, New 
Mexico, Nevada, Utah, Colorado, Idaho, Montana, 
and Alaska. Nearly all of this resource is believed 
amenable to processing into acid- and metallurgical- 
grade products, the latter grade especially by pel- 
letizing flotation concentrates. 

As European fluorspar consumption continues to 
increase, the substantial exports from Italy and 
Spain to the United States probably will not be 
available. This situation should make the mining of 
even more low-grade resources profitable and should 
stimulate further domestic exploration. Detailed in- 
formation is lacking on which to base accurate esti- 
mates of hypothetical resources of most low-grade 
fluorspar deposits in foreign countries. 

Marine phosphate rock, by far the world’s largest 
fluorine resource, generally contains about 3 percent 
fluorine. Resources of phosphate rock in the United 
States are chiefly in Florida, North Carolina, Ten- 
nessee, Utah, Wyoming, Idaho, and Montana. Re- 
serves there are about 10 billion tons of phosphate 
rock, and hypothetical resources have been estimated 
at more than 60 billion tons; the latter class repre- 
sents a potential fluorine resource of about 2 billion 
tons and is equivalent to about 4 billion tons of 
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fluorspar. Similar deposits of phosphate rock, with 
estimated reserves totaling more than 10 billion tons 
and enormous hypothetical resources, occur mainly 
in Morocco, Tunisia, Algeria, Turkey, U.S.S.R., Peru, 
China, North Vietnam, and Australia. Potentially 
several hundred thousand tons of fluorine annually 
could be obtained as a byproduct of phosphate pro- 
duction in the United States. The estimated quantity 
of fluorine discarded or lost during the processing 
of phosphate rock in the United States approximates 
the annual fluorspar imports into the United States 
(Blake and others, 1971). In recent years more than 
100,000 tons of hydrofluosilicic acid was recovered 
in the United States during the manufacture of 
superphosphates and was used mostly for water 
fluoridation ; however, some of this acid is now proc- 
essed further into aluminum fluoride and synthetic 
eryolite for the aluminum industry and into fluosili- 
cates. Fluorine from phosphate rock for the alumi- 
num industry will become more competitive with 
fluorspar in the next few years, as fluorspar prices 
rise, aS the demand grows, and as the phosphate 
industry strives to control environmental pollution 
near processing plants by recovering the fluorine. 
Industrial plants in the United States, Mexico, 
Canada, U.S.S.R., Austria, Rumania, India, and 
Japan now use waste hydrofluosilicic acid from the 
processing of phosphate rock, and other plants are 
planned for France, West Germany, Switzerland, 
and Australia. (See also the chapter on “Phosphate 
Deposits” in this volume.) 

Topaz, although rarely concentrated, occurs in 
probable commercial quantity and grade in at least 
two localities in the United States. At the old 
Brewer gold mine in South Carolina, reserves were 
estimated at about 100,000 tons of schist averaging 
approximately 15 percent topaz and about 1,200 tons 
of topaz in adjacent placer deposits that contain 
1-24 percent topaz. The hypothetical resources at 
this deposit are estimated at about 800,000 tons of 
ore. In the Front Range, Colo., a lens in Precambrian 
gneiss containing about 15 percent topaz was esti- 
mated to constitute a reserve of about 600,000 tons 
of topaz-bearing rock. The hypothetical resources of 
this topaz-bearing rock are estimated to be about 
250,000 tons for every 100 feet of depth. 

Bastnaesite in carbonatite at Mountain Pass, 
Calif., is a potential resource of fluorine. This rare- 
earth mineral contains about 7 percent fluorine and 
constitutes 5-15 percent of the carbonatite rock. 
On the basis of an estimated 100 million tons of 
potential ore at Mountain Pass (Olson and others, 
1954), about 1 million tons of fluorine is estimated 
as a potential byproduct of rare-earth extraction. 
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SPECULATIVE RESOURCES 


Exploration for and evaluation of fluorine re- 
sources must be based upon the geology and geo- 
chemistry of fluorine. The important geologic param- 
eters are regional tensional faults or other deep- 
seated structures, alkalic and silicic igneous rocks, 
carbonatites, and hydrothermal activity—including 
hot springs. Fluorine is apparently very mobile in 
geologic settings characterized by these parameters, 
and in addition to forming deposits directly related 
to those features, it also has moved into other geo- 
logic environments associated in time and space to 
form deposits there. For example, fluorine mobilized 
by exhalations or weathering has been transferred 
from the alkalic igneous rocks and carbonatites 
along the African rift structures into the lake brines, 
to be concentrated in evaporites of the rift valleys. 
Fluorine-bearing solutions genetically related to the 
important geologic parameters have permeated 
country rock, such as the altered and mineralized 
voleaniclastic sedimentary rocks of the Western 
United States; have replaced receptive country 
rocks, as in the Illinois-Kentucky district; and have 
filled subsidiary fractures, in places some distance 
from the igneous activity and major structures, as 
in many smaller fluorspar districts of the Western 
United States. 

The important geologic parameters listed above 
define environments and processes in which fluorine 
was available in abnormal amounts in some part of 
the system and in which it could be mobilized and 
transported into concentrations of economic interest. 
Geologic processes in other environments also have 
acted to concentrate minor amounts of fluorine (of 
the order of crustal abundance) into deposits of 
economic interest, as in the precipitation of fluorapa- 
tite from sea water. 

These principles assure us that numerous possi- 
bilities exist for the discovery of new resources of 
fluorine. The best possibilities are undiscovered but 
geologically predictable fluorine districts; known 
small, but high grade, deposits; and very large low- 
grade multicommodity ores. At this time it is im- 
possible to give a quantitative indication of specu- 
lative resources, other than that they are probably 
very large. 

In the United States new fluorspar districts might 
be found northwest of the important Illinois- 
Kentucky district in carbonate rocks beneath the 
cover of Pennsylvanian rocks, and also northeast of 
this district toward Ohio and the Michigan basin 
beneath Pleistocene cover where fluorite occurrences 
are known in Silurian and Devonian dolomites. Simi- 
larly the Paleozoic carbonate rocks of central Tennes- 
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see and Kentucky are widely mineralized with fluor- 
ite, as shown in recent drilling, and may contain 
other commercial deposits. Large, but lower grade, 
stratiform fluorspar deposits in carbonate rocks, like 
those worked in the United States, France, U.S.S.R., 
and southern Africa, probably will be popular tar- 
gets for exploration. In the Western United States 
fluorspar deposits undoubtedly underlie parts of the 
widespread cover of Tertiary and Quarternary sedi- 
mentary and volcanic rocks. Cenozoic tuffaceous lake 
beds in the Western United States, Italy, and south- 
ern Africa contain fluorite, some of commercial in- 
terest, and other occurrences of this type of fine- 
grained fluorite may have been overlooked. Some 
fluorspar deposits of the Western United States are 
related genetically to areas of silicic voleanic rocks, 
namely the Big Bend subprovince of Texas; the Naci- 
miento subprovince of Arizona, New Mexico, and 
Colorado; and the Shoshone province of Nevada, 
Utah, Idaho, and Montana. Other areas with rela- 
tively high fluorine content in voleanic rocks might 
be worthy of further prospecting, especially south- 
eastern Idaho, northwestern Wyoming, and north- 
western Utah. In west-central Utah, topaz is dissemi- 
nated in volcanic rocks, and commercial fluorspar 
deposits are distributed around the southern and 
western periphery of a caldera. Only a third of the 
caldera is exposed; the remainder, which is covered 
by rhyolite flows or alluvium, may contain undiscov- 
ered deposits (Shawe, 1972, p. B76—B77). A tectonic 
unit consisting of the Rio Grande trough in New 
Mexico, and its northern extension through Colo- 
rado, Wyoming, and Montana, is especially rich in 
fluorspar deposits and should be explored further. 
Deposits of syngenetic fluorite associated with gyp- 
sum and limestone are reported from Permian ma- 
rine evaporites in the Big Horn Mountains, Wyo.; 
similar extensive deposits are known in the Permi- 
an of U.S.S.R., and other equivalent evaporites 
should be investigated for deposits of fluorite. 

Large deposits of fluorapatite in marine phosphate 
rock probably exist beneath the sea in Tertiary 
coastal plain sediments extending east from deposits 
in North and South Carolina and Florida. Fluorine 
is recovered from huge deposits of fluorapatite in 
alkalic rocks of U.S.S.R., and other deposits of this 
type may be found and profitably explored elsewhere. 

Probably millions of tons of topaz-bearing rock 
are yet to be discovered in widespread metamorphic 
terranes throughout the world. Because cryolite, 
Na;AlF,, is a rare mineral, it probably will not be 
an important source of fluorine; the world’s only 
known commercial deposit of natural cryolite, in 
Greenland, has been depleted. Sodium fluoride has 
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been found in saline lake beds in Tanganyika and 
may some day be a source of fluorine. 

Some brines, voleanic gases, fumaroles, and hot 
springs with relatively high fluorine contents may 
suggest fluorine-rich provinces in which deposits of 
fluorspar, phosphate rock, or other fluorine materials 
should be sought. Deep sea sediments, which have 
more fluorine than most other marine sediments 
except phosphate rock, contain about 0.07 percent 
fluorine; these types of sediments and sea water it- 
self, which has about 0.0001 percent fluorine, may 
be sources of fluorine in the distant future. 

Numerous high-grade but small deposits of fluor- 
spar, such as those of the Western United States, 
might be utilized. This use would require better 
techniques of locating and evaluating small pods of 
fluorspar and the use of portable extraction and 
processing equipment. Even though this type of 
mining may not be feasible now in the Western 
United States, because of high labor costs and land 
problems, it might be elsewhere in the world. 

Very large low-grade multicommodity ores offer 
potential fluorine resources. These include deposits 
in which fluorine, mainly in the form of fluorite, is 
associated with metallic minerals (see discussions 
of geochemistry and exploitation) and those in 
which it is associated with or contained in other 
minerals of commercial interest, such as barite, 
bastnaesite, apatite, zeolites, and feldspars. It may 
be possible in the future to process such multicom- 
modity ores, in which no single commodity is of 
high enough grade to be commercial. 


PROSPECTING TECHNIQUES 


Fluorspar deposits commonly have been found by 
identification of fluorite in outcrops and surficial ma- 
terials. The durability of fluorite during weathering 
and the high fluorine content of the mineral suggest 
that some geochemical methods might be useful in 
prospecting for fluorspar. Nevertheless, geochemis- 
try has not been widely used, in part because of the 
lack of rapid analytical procedures for determining, 
with the necessary reliability and low cost, the fluo- 
rine contents of samples. 

A fluorine halo could be meaningless in fluorine 
exploration, inasmuch as fluorine is widely dis- 
persed in many mineralized and altered areas other 
than those containing fluorine-rich deposits. Path- 
finder elements can be used as a guide to some fluo- 
rine mineralization. To use this guide, however, 
requires considerable geologic knowledge of the area 
being surveyed. This approach avoids the problem 
of low-level fluorine analysis but will be successful 
only where the pathfinder element is consistently 
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associated with fluorine deposits. Friedrich and 
Pliiger (1971) found that lead, zinc, and mercury 
contents of soils were useful guides in exploring for 
fluorite in Spain and that mercury was useful in the 
Wolsendorf district, Germany. If fluorite contains 
uranium minerals, as in the Thomas Range, Utah, 
and Jamestown, Colo., scintillation counters or 
Geiger counters might be helpful in prospecting for 
fluorspar. 

Recent work in western North America has shown 
that fluorite deposits can effectively be sought by 
geochemical and heavy-mineral techniques. Fluorite 
persists for long distances during transport in the 
sediment of streams and can be concentrated there- 
from with the gold pan. A systematic heavy-mineral 
survey near Winston, N. Mex., during 1970, by H. V. 
Alminas and K. C. Watts (oral commun., 1971), 
showed that fluorite is plentiful in sediment near two 
major subparallel north-trending faults, near the 
intersection of which an independent operator re- 
cently found a large fluorspar deposit. 

Geochemical exploration investigations in the 
Browns Canyon district, Colorado, by Van Alstine 
(1965) showed that fluorine is found in abnormal 
concentrations in residual soil directly above and 
downslope from the principal vein and in alluvium 
downstream from the vein. The abundance of fluo- 
rine in those places may be due in part to the semi- 
arid climate of the area. Van Alstine also pointed out 
that abundant biotite and hornblende increase fluo- 
rine values over that attributed to fluorite because of 
the fluorine content of the dark minerals. This prob- 
lem is avoided by determining content of fluorite 
instead of fluorine. 

Neither heavy-mineral nor geochemical prospect- 
ing methods for fluorite and fluorine have been well 
developed for fluorspar districts in humid regions. 
Geochemical studies of stream sediment and soils 
were found to be useful in prospecting for fluorine in 
the Hwanggangri region, Korea (Sang Kyu Yun and 
others, 1970). 

Geophysical techniques have been utilized to some 
degree in evaluating mineralized areas that have 
fluorine potential. Electrical methods have been suc- 
cessful in outlining faults, some of which contain 
fluorspar (Hubbert, 1944), and alteration zones as- 
sociated with fluorspar veins (Johnson, 1971). The 
refraction seismic method has been used as an in- 
direct means of exploring for fluorspar in southern 
Illinois (Johnson, 1957). In general, it seems im- 
practicable or impossible to detect minable bodies 
directly by methods of geophysical prospecting. The 
value of geophysical techniques is in finding locally 
mineralized faults, dikes, and altered zones, which 


233 


then require geologic evaluation to determine fluo- 
rine potential. 


PROBLEMS FOR RESEARCH 


The distribution of fluorine in nature is only part- 
ly understood, and more research is needed on the 
geology and geochemical cycle of fluorine, especially 
on the partitioning of fluorine in geologic processes. 
Our present knowledge is not advanced enough even 
to adequately estimate crustal abundance, much less 
to accurately estimate resources. The fluorine con- 
tent of igneous rocks serves as an excellent guide to 
potential fluorine deposits in the vicinity of such 
rocks; and yet, fluorine is commonly not determined 
in igneous rock analyses. Fluorine determinations 
should be made routinely in all chemical analyses of 
igneous rocks. 

New techniques are needed to explore for and to 
evaluate fluorine deposits. Geochemical investiga- 
tions of the fluorine content of rocks, soils, plants, 
and waters hold some promise as an exploration 
technique. However, for geochemical exploration to 
be useful, a quick, reliable, and inexpensive method 
of testing for fluorine needs to be developed. 

Utilization of potential low-grade multicommodity 
ores as fluorine resources will require refinement and 
improvement of mining and processing techniques. 
Many of these low-grade deposits are very fine 
grained, and the fluorine minerals are intimately 
intergrown with other minerals, such as chalcedonic 
quartz, so that separation of the fluorine minerals is 
difficult. 
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ABSTRACT OF CONCLUSIONS 
Known exploited sources of gallium, germanium, and in- 
dium are largely the ores of zine and aluminum, from which 
they are recovered as minor byproducts. Potential additional 


sources are copper ores, tin ores, and combustion products 
of coal. The high cost of recovery and refining of gallium, 
germanium, and indium limits their use to relatively small 
quantities, mainly in transistors, diodes, and other electronic 
devices. 

The geologic potential for finding deposits that could be ex- 
ploited solely for their gallium, germanium, or indium con- 
tent is very small. The potential for discovery of ores of other 
metals from which gallium, germanium, or indium could be 
recovered is significant. The potential for recovery of gallium 
and germanium from coal ash, flue dust, and stack gases in 
industrial plants consuming large quantities of coal is large. 


INTRODUCTION 


Gallium, germanium, and indium are three rela- 
tively rare metallic elements that occur in accessory 
or trace amounts in many rocks and minerals, in- 
cluding some in ores of other metals. Commercial 
recovery of these minor metals is, at present, en- 
tirely as a byproduct in the processing of major 
metallic ores, primarily zinc and aluminum, and to 
a lesser extent copper and lead. 

There are no known deposits in which these metals 
are sufficiently concentrated that they are apt to be 
the principal product sought. None of them occur 
as native elements, and they are essential compo- 
nents in only a few very rare minerals. Their total 
value is small or even negligible in relation to the 
value of the principal metals with which they are 
associated. They are deleterious impurities and must 
be removed in refining the major metal. The com- 
plex technology for their recovery is economically 
feasible only if, at some stage in the processing of 
the major metal, the minor metal or metals become 
concentrated in a separable phase. The costs of their 
separation and purification are significant, and so 
recovery is limited to the amount of each that can 
be marketed. A further problem associated with such 
potential byproduct materials concerns the lack of 
data about the variability of specific individual ore 
sources, inasmuch as the processing plants do not 
normally maintain records for such minor constitu- 
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ents. The varied concentration of these byproduct 
materials in their primary ores is significant, al- 
though it is secondary in importance to the tech- 
nology employed in processing the primary materi- 
als, inasmuch as the technology is what determines 
whether the initial gallium, germanium, and indium 
contents are concentrated or dissipated. 

The principal physical and chemical properties of 
the three elements are listed in table 45. Gallium is 
notable for its low melting point and long liquid 
range and its expansion upon solidifying. Germanium 
also expands upon solidifying but is more notable for 
its high electrical resistivity in ultrapure form. In- 
dium also melts at a low temperature but is notable 
for its softness and malleability. 


TABLE 45.—Selected properties of gallium, germanium, and 
indium 


Element) ==———==—=— Gallium Germanium Indium 
Atomic number ____ 31 32 49 
Atomic weight -___ 69.72 72.60 114.6 
Stable isotopes and, 69 (60.1) 70 (20.9) 113 (4.2) 
their abundance 71 (39.9) 72 (27.6) 115 (95.8) 
(percent) - 73 (7.7) 
74 (36.4) 
76 (7.4) 
Melting point (°C)_ 29.78 937 156.2 
Boiling point (°C)_ 2,403 2,840 2,323 
Density (g cm-3) __ 5.904 (solid) at 5.323 (solid) at 7.31 at 20°C. 
29.6°C 25°C. 


6.095 (liquid) at 5.589 (liquid) 
29.8°C. 


5.445 at 1,000°C. 
3.2 6 


Expansion on solidi- 
fying (percent). 


Specific resistance 0.38010-4 at 0°C 60 at 27°C 9e10-® at 20°C. 
(ohm-cm). 
60e10-° at 937°C 29010-® at 
156.4°C. 
Color” 222252 4 Bluish white ___ Silvery white __ Lustrous bluish 
white. 
Hardness: (225 ease Soft, ductile ___ Brittle, non- Malleable, 
ductile. ductile. 
Valence (most com- 4, 3, 2 4, 2 6 5 al 


mon shown in 
italic). 


PRINCIPAL USES 


The principal uses for gallium, germanium, and 
indium are as ingredients in transistors, diodes, and 
rectifiers, which are basic electronic components 
used in a wide variety of communications and con- 
trol systems. The importance of these tiny devices 
in modern technology is difficult to overestimate— 
they perform the functions that formerly required 
vacuum tubes, but they do so with greater reliabil- 
ity, very small power consumption, negligible heat 
loss, extended durability, ruggedness, and compact- 
ness. Without these so-called solid state devices, the 
present generation of large computers would not 
have been feasible, because of the space, power re- 
quirements, and heat generated by an equivalent 
number of vacuum tubes. The amount of gallium, 
germanium, or indium used in each individual tran- 
sistor or diode is quite small, but the very large 
number of such devices now being manufactured 
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provides a significant market for these little-known 
materials. 

Gallium, in addition to being used in these semi- 
conductor devices, is used to modify other semi- 
conductor materials, to form leads for transistor 
connections, and to provide a device that emits visi- 
ble light as an indicator in various instruments. As 
an alloying ingredient, gallium forms a number of 
low-melting alloys of potential use. It also has 
potential application as a catalyst and in fluorescent 
materials. 

Germanium is used dominantly in single-crystal 
high-purity form in the manufacture of transistors, 
diodes, and rectifiers. A typical transistor contains 
a wafer of germanium alloy 4 square millimeters in 
area and about 0.2 millimeters thick, whereas a 
diode is only about one-fourth as large, and rectifier 
crystals may be much larger. The weight of a tran- 
sistor wafer is a few thousandths of a gram. In addi- 
tion to major applications in communications and 
computers, germanium semiconductor devices have 
considerable use in nuclear radiation detection in- 
struments. Germanium also is used in infrared equip- 
ment and in special optical glass. As an alloying 
ingredient, it increases hardness and improves roll- 
ing properties in alloys with copper, aluminum, and 
magnesium. It is used in gold solders and in jewelry 
manufacture. It is a constituent in several phos- 
phors and has been used as a catalyst in polyester 
textile manufacturing. 

Indium is used as a desired impurity in german- 
ium and silicon transistors, as a solder for tran- 
sistor leads, and in the fabrication of transistors, 
thermistors, and optical devices. It has been used 
in low-melting alloys and as a bearing alloy. It is 
used as a gasket material in aerospace hardware, 
as a sealant for glass-to-metal and glass-to-glass 
joints, in dental alloys, and in jewelry and silver- 
ware alloys to keep metals bright. Proposed uses 
include colorants for glass and as catalysts in 
petroleum refining. 


ALTERNATE MATERIALS 


Silicon in high-purity form is an alternate and 
less expensive material that competes extensively 
with germanium in the fabrication of transistors 
and diodes, and selenium and tellurium are used in 
rectifiers. Gallium, germanium, and indium can be 
used to some extent in substitution each for the 
other material. The specific characteristics of each, 
however, are unique in some applications, and there- 
fore, complete substitution is not likely. 


GALLIUM, GERMANIUM, AND INDIUM 


PROBLEMS IN DEVELOPMENT OF COMMERCIAL USES 


The dispersed nature of the occurrences of gal- 
lium, germanium, and indium delayed the identifica- 
tion of these elements in to the latter part of the 
19th century. The complex technology needed to 
recover each of them from dispersed sources has 
kept their prices at reasonably high levels. Their 
presence in ores of other metals is generally in such 
small quantities that they are not routinely analyzed 
for in commercial ore assays, nor has there been any 
reward to the producer for the gallium, germanium, 
or indium content of his ores. 

Conventional treatment of these ores tends to 
eliminate the small content of the three metals as 
an inconspicuous part of the waste products. No 
major toxic effects have been reported from any of 
the three elements, so no special handling has been 
required to remove them from waste products. Each 
of these factors contributes to the overall situation 
that at present exists, in which the lack of a major 
supply precludes uses that would require significant 
tonnages of any of these metals, and conversely, 
the lack of a demand for significant tonnages pre- 
cludes an intensive search for major additional 
sources of these metals. 
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The present industry recovers and refines only 
enough of each metal to satisfy existing markets, 
largely because the cost of refining is high and sub- 
stantially equal to the market price. The recovery 
and refining processes are typically conducted as 
batch processes and for the most part have not 
operated on a full-time basis. In short, the recovery 
and refining of gallium, germanium, and indium 
have not been a major profit or operating factor in 
any operations to date. 

Published data on production of the three ma- 
terials have been limited by the relatively small 
number of producers. Table 46 presents estimated 
data, based on published sources, to provide some 
idea of the present extent of production. 


RESOURCE AVAILABILITY 


Gallium, germanium, and indium are so dispersed 
in nature that no deposits are known that could be 
exploited solely for their recovery. The commercial 
sources for these elements in the United States at 
present are as byproducts from the processing of 
zine ores and, additionally for gallium, processing 
of aluminum ores. In the United Kingdom, german- 
ium and gallium are recovered by processing fly-ash 


TABLE 46.—Estimated production, price, and apparent demand for gallium, germanium, and indium 


Production (kg) 


Apparent U.S. demand 


Price per gram 


Year Gallium Germanium Indium (kg) 
U.S. World? U.S. World U.S. World Ga Ge In Ga Ge In 
TO2G VET ot a ——— ——— Sere sae ——— ——— ———— a a ——— 
TORS aes es ———a —— ---— +150/sr $50.00 a —- ——— ——— soso 
TOAST) eee = oses ates 220); Wasnt S— ee wees as ewe anes aes 
COT WS ba ees ees <5 ifn 650) aia mee $5.00 $1.00 Aeete Loe sues 
43 <10 aoe <50 ass 1850) 225525 ae a 50 aau2 uorS aoee 
44 <10 Rese <50 asa PAS = o555 35 ==s a —— 
45 <10 eos <50 — Wot Sees Ses cose «25 Shas Lose ——— 
46 <10 223 50-500 —— 300 ee eeae seco eooS .072 aes aa wen 
AT <10 Ls ——— —— 435 —----_ —— — -072 2555 ——s = 
48 90 eee Cass 500 380 4.50 oso -072 a — ——e 
49 0 see ene ae 1,705 —------ a soos -072 — scos es 
ERO 6. Wee aes pest pee nen 3,910 4.50 — 072 eel eS ase 
51 90 seed ae. eae 4,765 es ——— 072 aa ess aes 
52 0 ae =e ss eee 3.50 17 -072 ess wze8 neu 
boom) eee ea Sea eae pees 10,000 3.25 eons -072 223 — —— 
CL ee ese Bae pees ee awe 3.25 eas -072 Tees ca eas 
BORD bed panos aaa Sase — Bese! ee 3.25 oe 072 2222 —s —= 
BB oe ao aosS 32,000 SHUR eee 3.25 ——— -072 —— a Sos 
Blige pq===e= aes ree2 ae a ee 3.25 a .072 Ses = 20,000 
BBs Sees coos Ss SsSS 217 515 OMe ee aco a -072 7 cece sore 
59 90 aoe Bae BROWNS I eS es 32 072 ee ee a 
75,000 
119.6 0 ee ee ZHI500: Mer bel eteath LP RMRR ee 0. otto — -295 -072 ———— soos esos 
Clie PES = ——— 18,150 ——— -295 -072 ———— ---- ---- 
62 ———— 16,780 soe .295 -072 sos5 ---- — 
63 secon ——— 9,070 ee er 95— -25 -072 coco ---- =o 
1.40 

G8 Sees See 9,070 Ch}CY en, 2) ey ee ee ea —— «25 074 = sess sae5 
5) iy ose ——- 13,610 oR ta Ce ga hee aes 252 -088 ——— ose =ooS 
Go eS ——— 13,610 a a ree ee eS 17 -088 es sss ---= 
Ce — 13,610 =a Mos) ete | ——— 17 -088 esse ———— ---- 
68 100— 800— 9,525 54,750 eee 62,200 .60— 17 -08 200— 47,200 17,100 
300 1,000 se Sassy See Se 1.75 ae = 400 ——— ——— 
Co ==s5 13,610 85,275 aos eesees | 185 08 ---- ---- ---- 
1197 One ere osm 12,700 84,370 ee ee ee -271 -08 aos as55 cooS 
(i — a 12,250 88,000 Se ee 75 293 -08 ed soos sacs 


1 Total world production to 1965 about 5 tons. 
210-year annual average, 1958-67. 


3 4-year annual average, 1959-62. 
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from the combustion of coal. Additional potential 
sources of recovery exist in the processing of cop- 
per and lead ores and possibly in the processing of 
ores of other metals, including tin, tungsten, molyb- 
denum, and arsenic. 

The major resource problem therefore involves 
not so much the geologic occurrences of the three 
metals as the fate of the three metals during the 
processing of the ores for their major components. 

From the scattered data on occurrence, apparently 
relatively little of the gallium, germanium, and in- 
dium potentially recoverable is now being obtained. 
Estimates of the germanium content of zinc ores, 
for example, suggest that potential resources are 
adequate to support a several-fold increase in annual 
production and the additional potential resources in 
coal would permit further expansion of production. 
Potential for recovery of additional gallium is also 
quite large, and the potential for indium is appre- 
ciable. 


EXPLOITATION 


Gallium, germanium, and indium have had similar 
histories. About half a century elapsed between the 
time they were first identified and the time that 
first commercial uses for them were developed. The 
growth in specific uses of the elements was un- 
doubtedly retarded by the lack of natural sources 
of ores containing appreciable concentrations and 
by the relative difficulty of refining each of them 
from dispersed sources. Systematic study of their 
physical and chemical properties and investigation 
of their compounds and alloys are still progressing; 
thus, additional new uses will undoubtedly be found. 

Recovery of indium on a semicommercial scale 
began in the 1920’s for use as a precious-metal alloy- 
ing agent to enhance brightness and retard tarnish. 
Additional uses developed in special bearing-metal 
alloys in the 1940’s, but until the development of 
uses in semiconductor devices about 1952 the de- 
mand was not particularly steady. Similarly, germa- 
nium was not recovered in significant quantities 
until the early 1940’s, when its use in electronic 
rectifiers led to initial commercial-scale production. 
With the development of transistors, beginning 
about 1948, germanium consumption increased 
greatly, and it continued to increase steadily through 
1960, when there was a sharp decline in consumption 
because of competition from silicon and because of 
improvements in fabricating techniques. Gallium 
production began in 1943 with most of the few kilo- 
grams produced being used in research. With the 
development of semiconductor devices, production 
grew in the late 1940’s and early 1950’s to about 90 


kg (kilograms) a year and has apparently stayed at 
about that level since then, with 1968 production 
estimated to be in the range of 100-3800 kg. The 
present commercial production of each of the three 
elements is substantially smaller than might be 
achieved if there were larger markets. Recovery and 
refining are expensive; therefore, only the amounts 
that can be marketed are processed. The amounts re- 
covered are obtained from several different interme- 
diate products in the processing of ores of other 
metals. These starting materials in the recovery of 
the three metals generally represent the highest con- 
centrations of gallium, germanium, or indium that 
can be obtained at some point in the production line 
where a separation can be made conveniently. 

The principal products in which appreciable gal- 
lium, germanium, and indium are concentrated are 
recovered by roasting zinc sulfide ores to produce 
crude zinc oxide and by further roasting this with 
salt to separate the volatile chlorides of germanium, 
gallium, cadmium, and indium from the zinc. These 
chlorides are collected by electrostatic precipitation 
and purified by complex distillation, chemical treat- 
ment, and electrolytic separation. 

In addition, the drosses, slags, and anode slimes 
in other smelting and refining processes can be used 
as starting materials, especially the materials that 
are associated with the recovery from zinc of other 
byproduct metals such as cadmium, lead, and tin. 
Gallium is also recovered from the leaching solutions 
used to make alumina from bauxite. At some stage 
in the caustic leaching cycle the solution builds up 
an equilibrium concentration of gallium (about 0.1 
g per liter) which can be recovered by precipitation 
with carbon dioxide, filtration, and complex separa- 
tion followed by electrolysis. 

The complex chemical and physical processes used 
to separate and concentrate these metals have been 
developed primarily to operate on specific starting 
materials available to individual companies. For the 
most part, these starting materials are selected be- 
cause they have the highest initial concentration of 
one or more potentially salable byproducts and be- 
cause the particular starting materials can be con- 
veniently acquired. Very few data are published on 
the trace-metals content of potential interest for 
other possible off-products at various stages of 
smelting and refining. 

Judging from geochemical data on their germa- 
nium and indium contents, some copper ores, espe- 
cially those containing enargite, bornite, tennantite, 
and tetrahedrite, would seem to be of particular in- 
terest as sources of these metals. The distribution of 
such trace metals in various stages of concentrating, 
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smelting, and refining have not been described in 
detail. 


RELATION TO OTHER COPRODUCTS OR BYPRODUCTS 


The interrelationship of these minor byproduct 
metals to other byproduct or coproduct metals is of 
particular interest. For example, the refining of cad- 
mium from zinc plant residues offers an additional 
stage of processing in which germanium and indium 
may be volatilized and partly separated from other 
metals into an enriched product. Similarly, in the 
re-treatment of lead-bearing wastes in the refining 
of zinc, several metals, such as tin, bismuth, and 
indium, are concentrated in the dross skimmed from 
lead bullion. Recovery of these minor constituents 
and further separation account for most of the 
Canadian production of indium. 

The economic viability of production of these 
minor metals from a particular source is not easily 
determinable. With limited markets, the search for 
additional sources has not been intensive. The re- 
covery and separation methods have not yet been 
simplified to the extent that any one technique 
could be incorporated as a step in a continuous 
smelting or refining process. 


ENVIRONMENTAL RELATIONSHIP 


Both gallium and germanium, in limited amounts, 
are apparently taken up by plants. A germanium 
concentration of 10 ppm (parts per million) in the 
ash is reported to be the toxic limit for plants under 
experimental conditions. There are no reported oc- 
currences of natural concentrations of germanium in 
soils above toxic limits. No toxicity in plants has 
been established for gallium or indium. Gallium is 
reported to be found in concentrations of 0.1-0.2 
ppm in plant ash and has been detected in vegetable 
foodstuff and hens’ eggs. No adverse environmental 
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factors have been directly attributed to any of the 
three elements, although indium and its compounds 
have toxic properties to humans if ingested in large 
quantities, and massive ingestion of gallium com- 
pounds is also toxic. 


GEOLOGIC ENVIRONMENT 


GEOCHEMISTRY 


All three elements are among the “dispersed” 
elements that tend not to form distinct minerals 
of their own, but to proxy for other major elements 
in most rocks and minerals. 

Gallium is closely coordinated geochemically with 
aluminum, with which it is associated. Its ionic 
radius is 0.70 A in sixfold coordination (valence 
+3), permitting relatively easy substitution for 
aluminum (ionic radius 0.61 A). This association 
accounts for the thorough dispersal of gallium as a 
trace constituent in most igneous and sedimentary 
rocks, as shown in table 47. It also accounts for the 
relatively higher concentration of gallium in bauxite 
and other aluminous rocks. Gallium is also concen- 
trated in sulfide minerals, especially the zinc sulfide 
minerals sphalerite (ZnS) and wurtzite ([Zn,Fe]S), 
in which concentrations of as much as 0.5 percent 
gallium have been reported. The concentration of 
gallium is reported to be higher in sulfide minerals 
formed at lower temperatures. Gallium is apparently 
absorbed by the organic matter in some plants and 
becomes concentrated in coal beds. 

Germanium is closely coordinated with silicon and 
tin, and it can proxy for these elements in the 
crystal lattices of appropriate minerals. Germanium 
is distributed rather uniformly among the silicate 
minerals of most rocks. It is notably concentrated 
in topaz (as much as 700 ppm) and, to a lesser 
extent, in cassiterite, garnet, and micas from rocks 
rich in fluorine, such as some granite pegmatites 


TABLE 47.—Gallium, germanium, and indium contents of various materials 


[Crust and rocks, parts per million; waters, parts per billion] 


Gallium Germanium Indium 
Material 
Usual range Average Usual range Average Usual range Average 

Continental Mcrustyesse aa eee eee, eee ee Rip ee wee. ee Debit 28 ace es 0.14 
Igneous rocks: 

Witramaficn se oe ee ee ee 1-5 2 0.7— 1.5 1 0.01—0.3 07 

Basaltic i> S203 fee ~ tee ee See ee 9-20 15 8-— 3.2 1.3 01- .3 -1 

STG See eee eee 10-23 16 1.2- 6 1.6 01- .9 aly? 

SiliciC === 14-30 19 - 4.7 1.6 02— .5 16 

Alkalic 18-70 40 9- 3.5 1.4 01— .3 07 
Sedimentary rocks: 

Imes tONes je as ae a ee eee eae le eee 4 Oe .8 cay Dt) ae ne -01 
Sandstones 3-20 8 QO 3.5 -8(2) -038— .2 .06 
Shales and clays 7-50 20 0O- 3.9 2.2 -01— .7 | 
Bauxites 20-100 60 1.0- 3.6 2 -03— .2 -08 

OR ee a ee 1 -150 Sb ye eee == 

Waters: 
Ground) water, === = = = O- 24 Oa ote toss ze 
Hot springs =a 4 ae eel Oe a iN t= == 
ivers Bie 03— 11 OD =o 
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and greisens. Germanium is appreciably concentrated 
in sulfide minerals, particularly sphalerite and wurtz- 
ite, which commonly contain 0.01—0.05 percent ger- 
manium and have been reported to contain as much 
as 0.5 percent germanium. Enargite (Cu,AsS,) com- 
monly contains 0.01—0.1 percent germanium. Ger- 
manium is absorbed by the organic matter in plants 
and becomes concentrated in coal beds, especially in 
the uppermost and lowermost layers in a coal se- 
quence. In weathering, germanium apparently enters 
the clay minerals and is slightly concentrated in 
shales. 

Indium is not closely coordinated with any major 
element, and its distribution in nature is less well 
known. It has some association with tin, for which 
it apparently can proxy. It is a rare element, and 
notable concentrations are mainly limited to occur- 
rences in sulfide minerals, especially sphalerite, 
which commonly contains 10-20 ppm and has been 
reported to contain as much as 1 percent indium in 
some specimens. Some copper-bearing minerals, par- 
ticularly chalcopyrite and tetrahedrite, also have 
indium contents ranging from a few parts per mil- 
lion to 1,500 ppm. 


ABUNDANCE 


As shown in table 47, the estimated abundance of 
these three elements in rocks of the continental crust 
ranges from 18 ppm for gallium to 0.14 ppm for 
indium. Gallium is thus slightly less abundant than 
cobalt and considerably more abundant than various 
much better known metals such as tin, molybdenum, 
cadmium, and silver. Germanium, with an average 
abundance of 1.5 ppm, is as abundant as molybde- 
num and tin. Indium is slightly more abundant than 
silver. The fact that none of the three elements 
forms its own minerals, except in a few rare deposits, 
is largely a function of the chemical nature of the 
elements that permits them to substitute in trace 
amounts for other elements in a variety of common 
minerals. 

Gallium in igneous rocks tends to occur in larger 
amounts in the more aluminous rocks, and within 
individual intrusions it is more concentrated in the 
later formed aluminous minerals. Highest concen- 
trations are found in pegmatites, where gallium is 
most abundant in muscovite. Gallium tends to follow 
aluminum in the processes of weathering, although 
it may be slightly more mobile in normal soil-profile 
development. In the development of bauxite, how- 
ever, the relative concentration of gallium increases 
with respect to aluminum. In sedimentary rocks only 
shales and clays tend to accumulate gallium. In 
metamorphic rocks there does appear to be a sig- 
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nificant migration of gallium, although data are 
sparse. Gallium does not enter the biologic cycle to 
a significant extent, but it is taken up by some 
plants, where it is a minor component, presumably 
in an organic complex. } 

Germanium in igneous rocks is slightly more abun- 
dant in the silicic and intermediate rocks and is 
especially more abundant in the rocks developed in 
the late pegmatitic and pneumatolytic stages. In 
such rocks fluorine apparently provides a mecha- 
nism to transport and concentrate germanium into 
such minerals as topaz and cassiterite. In the weath- 
ering cycle, germanium is not notably concentrated 
in most processes but may be partly removed by 
surface waters. The bulk of the germanium content 
remains and is most likely in the clay minerals. The 
germanium content in living plants never exceeds 
10 ppm in their ash, which is reported to be the 
toxic level in plants. The germanium content of coals 
ranges from a few parts per million to several hun- 
dred parts per million and is irregularly distributed 
laterally within individual coal beds and vertically 
within coal seams. Highest germanium contents are 
typically found in either the uppermost or lower- 
most layers. The germanium content is predomi- 
nantly bound to the organic matter, coals with lowest 
ash content having the highest germanium content. 
Fly ash from coal combustion may contain as much 
as several percent germanium. 

Very sparse data are available to indicate the dis- 
tribution of indium. In igneous rocks it is slightly 
more abundant in intermediate and silicic rocks than 
in basaltic or alkalic rocks. It is notably concen- 
trated only in pneumatolytic and hydrothermal 
stages. In sedimentary rocks it may be slightly con- 
centrated in clays and shales. Data are insufficient 
to categorize its occurrence in metamorphic rocks, 
although slight enhancement of the indium content 
is suggested. Indium is not reported to be concen- 
trated in plant ash or in coal. 


ORE MINERALS 


Gallium, germanium, and indium are concentrated 
in sulfide minerals, especially the zinc sulfide sphal- 
erite. Table 48 lists the principal ore minerals that 
have been reported to contain appreciable amounts 
of any of the three elements, and where data exist, 
it gives some idea of both the range and the typical 
contents of these elements. The table also lists the 
rare minerals containing any of the three elements 
as essential components. 

Of these rare minerals, most have been found 
mainly in studies of a single deposit, that at Tsumeb 
in South West Africa. 
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TABLE 48.—Gallium, germanium, and indium contents of selected ore minerals and of reported gallium, germanium, and 
indium minerals 


Mineral name and composition Gallium Germanium Indium 
Ore minerals (ppm) 
Range Median Range Median Range Median 
phaleritesy7nS) === — Se ee ee 1—10,000 40-50 5 —1,850 100—500 0.5—10,000 40 
Calan, JAS) 22. See ees e= 0— 6500 aa OS) 10v OF Sze 0.5- 100 eee 
Chalcopyrite, CuFeS2 ~-_-__---__-_____~ o- 100 = 0.56— 900 10— 40 0 — 1,500 20 
enargiter CUsASGi] eo en as eae aes ee ye eee eee ae 10 —5,000 10— 80 0 — 4100 es 
Bornitem @usWessy— 2222 — oh Se eee ee a25— (O° 000 ee 1 - 1,000 — 
Mennantite; (CuiwAssSi9), = Se he a OF-= 52000 UF ees b ay te ee SS 
Metrahedrites Cumobisia) === soe ee, SE ae OM =21500% ee ahha 0.1- 160 a8 
Covellitesi@uS) 22s2s" "222 2 ee, eee 22 = = OU" R40 Ce Skee 0 - 6500 — 
Ghaleocite; Cu2S) 222 == = = == ee, ee as OA= BON yte eee = 0 - 4100 =_=3 
Pyrite meh esoge sa a eae ee @ 100 ates 05 — 100 at ee 0 - 50 SS 
Molybdenite, MoSz __ Se) ee —- 21 Olen sae ee Ee Sy tee | ee eee — 
Stannite, Cuz2FeSnSs _ Sp A aa 6! 20 P here ete eS 5 — 1,500 50-500 
Cassiterite, SnOz _______ = 0- 50 A2S= 5 — 200 10 0.5—-13,500 22 
Wiolframite wie; in) \WiOseea == aa Ff Se ae mee | = 16 a@ 10 
Arsenopyrite, (MeAss e282 s=—2)e  Seete sa =F bOmlS Pee eeeie & 0.3— 20 3 
Gallium minerals (percent) 
GallitemiCuGaSo. St se ea oe S56) ie | ae gl en nC nay Mann of nee Se ene oan cern se 
Sohngeite, Ga(OH)3 ~-____-_-_________ ASIGAATT EELS | RM ie Bree Re ii Pp ah teed pee: oe eS ee 
Germanium minerals (percent) 
Are yrodite; WA reGese =~ So eS Te eee ee oe eS ae ar ee ee 
Germanite, Cus(Ge,Fe) Ss ~_____________ 1.85 6.2—-11.4 0.15 
Renierite, (Cu,Fe,Ge,Zn)S —~---__--___-~ 0.55 5996 ee eS 
Briarite, Cu2(Fe,Zn)GeSs ~-_______--__ 0-2.2 REE) TTP ee ee eee 
StfottitemneGe (OM)'s,———-——— === ee eee ee ee 29 


Fleischerite, PbsGe(SOs)2(OH)se3H20 ___ 0.7 
Itoite, PbsGe(SO:)202(OH)2 ~-_________ 
Schaurteite, CasGe(SO1)2(OH)se3H20 ___ 


6.7 
Not available 
14.8 


Indite, FeIn2S: 
Requesite’, CulmS2y-. ==- SS. - Se 
Sakuralite, (Cu,Zn,Fe)3(In,Sn) Ss 
Dzhalindite, In(OH)3 


Not available 


As shown in table 48, sphalerite is the mineral in 
which all three elements tend to be most concen- 
trated. The exact nature of their incorporation into 
the crystal lattice of sphalerite is not fully known, 
but there do not appear to be distinct solid phases 
of the sulfides of any of the three elements, and each 
element is apparently able to proxy for zinc in the 
limited amounts found. There is some evidence that 
germanium and gallium contents are highest in the 
low-temperature varieties of sphalerite and that in- 
dium content is highest in medium-temperature 
varieties of sphalerite. Thus, zinc ores from low- 
temperature deposits such as the upper Mississippi 
Valley and Tri-State districts tend to have among 
the highest reported gallium and germanium con- 
tents but not the highest indium content. 

Other sulfide minerals that have major concentra- 
tions of germanium are chalcopyrite, bornite, enar- 
gite, and tennantite. Major concentrations of indium 
have been reported in cassiterite, especially in the 
“wood tin” variety, in which the concentration may 
typically exceed 0.5 percent indium. Stannite, an- 
other tin-bearing mineral, also has been reported to 
contain significant indium concentrations. 


TYPES OF ORES 


The present major sources of gallium, germanium, 
and indium are zinc and bauxite ores, which are 
more fully described in the chapters on zine and 
aluminum resources. 


SULFIDE ORES 


Far too few data are available to indicate the 
variation in distribution of any of the three elements 
in specific zine deposits or within districts or broader 
regions. The sparse data suggest that there may be 
geologic provinces in which one or all of these ele- 
ments are relatively more abundant in the inter- 
mediate to silicic igneous rocks, and that late-stage 
pneumatolytic and hydrothermal deposits associated 
with these rocks might be correspondingly enriched. 
The relatively higher gallium and germanium con- 
tent noted in sphalerites formed at lower tempera- 
tures indicates a beginning of attempts to unravel 
the specific distribution patterns for these elements. 

The geologic environment most favorable for large 
zine sulfide ore deposits is in sedimentary sequences 
which include carbonate rock strata that have been 
permeated by mineralizing solutions. The source of 
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mineralizing solutions for some deposits is clearly 
associated with nearby igneous intrusions. For a 
significant number of major districts, however, the 
source of mineralizing solutions is equivocal. The 
Mississippi Valley and the Tri-State districts, in 
which gallium and germanium are relatively highly 
concentrated, are included in the group of deposits 
which have no closely associated intrusive bodies. 
The unique Tsumeb deposit in South West Africa is 
a pipelike body cutting a dolomitic sequence; it con- 
sists of a core of aplitic or pseudoaplitic rock sur- 
rounded by a shell of replaced carbonate rock con- 
taining lead, copper, and zinc sulfides with sparse 
amounts of germanite and renierite intergrown with 
galena and tennantite. 

From the sparse data available, the occurrence of 
gallium, germanium, and indium in sulfide deposits 
is governed by their ability to coprecipitate with zinc 
in environments favorable to metal sulfide deposi- 
tion. Apparently the concentration of gallium, ger- 
manium, and indium in mineralizing solutions is 
small, and in only a few deposits, notably at 
Tsumeb, has the concentration exceeded the maxi- 
mum level at which they are able to enter the crystal 
lattice of sphalerite and other sulfide minerals. 

In addition to occurring in zine deposits, germa- 
nium is notably concentrated in some sulfide ores 
of copper, especially in deposits containing enargite, 
bornite, or tennantite, such as those at Butte, Mon- 
tana; Chuquicamata, Chile; Cerro de Pasco, Moro- 
cocha, Quiruvilea, and Casapalca, Peru; and Bor, 
Yugoslavia. The germanium content of enargite 
typically may be higher than it is in many zinc 
deposits. Complex sulfide copper ores containing tin, 
antimony, and arsenic, as well as many tin ores such 
as those in Bolivia, contain significant indium and 
some germanium and gallium. Lead ores and com- 
plex lead-zine-copper ores also may be potential 
sources. These ores of metals other than zinc in 
general have not provided major sources for recov- 
ery of germanium or gallium but have been the 
source of some indium production. 


BAUXITE 


Gallium is also concentrated in bauxite, which 
forms through intensive weathering of different 
kinds of aluminous rocks. For the Arkansas bauxite 
deposits, a slight increase in the gallium-aluminum 
ratio during bauxitization has been shown in com- 
paring a series of analyses of fresh nepheline sye- 
nite, partly bauxitized rock, and high-grade piso- 
litic bauxite. This increase has been attributed to 
the lower solubility of gallium hydroxide compared 
with aluminum under reducing conditions. Typical 
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gallium contents of bauxites range from 20 to 100 
ppm, the higher values being found in bauxites de- 
veloped from granitic and alkalic rocks. There are no 
systematic studies of the lateral variation of gallium 
content in bauxite deposits, but the few data avail- 
able suggest that lateral variation could be very 
slight. 

In the less intensely weathered high-alumina clays 
that have been considered as potential resources of 
aluminum, the gallium content is generally in the 
range of 30-60 ppm. 


COAL DEPOSITS 


Germanium and gallium both are found in very 
small concentrations in living plants, but no specific 
function has been attributed to their presence. Plant 
residues typically show some enrichment in both 
elements. The germanium and gallium content of 
many coal beds is notably high and is greatest in 
the uppermost or lowermost parts of individual coal 
seams. The germanium content of coal typically 
ranges from a few to a few hundred parts per mil- 
lion, and it may increase to a few tenths of a per- 
cent in the ashes formed by combustion of the coal. 
Gallium content in coals is not as variable, but it 
also increases from a few tens of parts per million 
in most coals to a tenth of a percent or more in 
selected combustion products. 

The variability of germanium content in coal 
seams is largely attributed to the reaction of com- 
plex humic acid hydroxyl groups with germanium- 
bearing water in such a way that any germanium 
released by plant decay or entering from outside 
the coal-forming environment is promptly incorpo- 
rated or adsorbed in the organic complex. The gal- 
lium content presumably is similarly enhanced dur- 
ing coalification. The higher content of both metals 
in the upper and lower parts of coal seams is attrib- 
uted to the greater volume of water passing through 
or adjacent to these parts of the coal beds during 
their formation because of the low permeability of 
the enclosing clayey strata. 


RESOURCES 


The known reserves of gallium, germanium, and 
indium are closely associated with currently ex- 
ploited zinc and aluminum ores and with coal de- 
posits that are supplying fuel to a few power plants 
in Great Britain. Additional potential resources are 
known, but much of the ore from which these metals 
might be recovered currently is processed without 
separation of these minor constituents. The extent 
of recovery in the future depends both on better 
recovery technology and on increased demand for 
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the three metals. Ores of metals other than zinc 
and aluminum, especially some copper and tin ores, 
appear to have interesting concentrations of one or 
all of these metals and might become important 
sources. Recovery of germanium and some gallium 
from industrial coal ash, flue dusts, and stack gas 
is feasible and would increase the recoverable re- 
coverable resources of these two metals signifi- 
cantly. 


RESERVES 


The U.S. Bureau of Mines has estimated the re- 
coverable supplies to the year 2000 for these three 
metals, on the basis of 1968 technology and prices, 
and projected demands for the major metals with 
which they are associated, as follows: 


World 
(kg) 


United States 
(kg) 
Gallium: 
Total potential in bauxite 
and zinc ores likely to be 
produced to year 2000 ____ 
Recoverable _-____________- 
Germanium: recoverable from 
lead-zine ores 
Additional potential, assuming 
recovery from coal con- 
sumed in industrial plants —- 
Indium: recoverable from 
lead-zine ores (assumes 
some increase in zinc 
prices) 


Not available 
Not available 


2,700,000 
27,000 


375,000 1,360,000 


545,000 4,500,000 


1,460,000 3,360,000 


These estimates are necessarily conservative in 
that present low recovery ratios have been used 
and no new technology is assumed. Some uncertain- 
ties have been introduced in these figures by the 
closing of several older U.S. zinc smelters in the 
period 1970-72, which resulted in the reduction of 
domestic zine smelting capacity by as much as a 
third. The figures provide at least the order of 
magnitude for amounts of the three metals that 
may be obtained in the next few decades at expected 
prices and using present technology. The figures 
suggest that any potential new uses requiring large 
amounts might require an associated increase in 
production through better technology or exploitation 
of additional sources. 


POTENTIAL RESOURCES 


On the basis of a simplistic assumption that all 
sphalerites contain gallium, germanium, and indium 
and that the estimated zinc reserves are all present 
as sphalerite, calculation of the amount of these 
three metals using median figures given in table 48 
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suggests that about 2 million kg of gallium, 13.5 
million kg of germanium, and 1.8 million kg of 
indium might be contained in the recoverable por- 
tion of identified U.S. zinc resources described in 
the zine chapter of this volume. If presumed identi- 
fied resources are also included, these figures would 
be approximately three times larger. World identi- 
fied recoverable zinc resources would contain on the 
order of 10 million kg of gallium, 70 million kg of 
germanium and 9 million kg of indium. 

About 2,400,000 kg of gallium may be present in 
identified domestic bauxite resources, and 12-18 
million kg of gallium in potential domestic resources. 
World resources of gallium contained in bauxite are 
probably on the order of 50 times larger than the 
domestic resources just cited. 

The amounts of gallium and germanium that 
might be contained in coal combustion products are 
less easily estimated, but the U.S. Bureau of Mines 
estimate suggests about 500,000 kg of germanium 
could be obtained from coal used in U.S. industrial 
plants, with a world figure at about 10 times that 
amount. 

The potential for recovery from ores of other 
metals has not been enumerated. At least for ger- 
manium, the content in identified domestic copper 
ores containing significant enargite, tetrahedrite, 
and tennatite might exceed 160,000 kg. On a world 
basis, the gallium, germanium, and indium contents 
of copper and tin ores are too poorly known to esti- 
mate their additional potential. 


PROSPECTING TECHNIQUES 


Prospecting techniques for each of the major re- 
sources with which gallium, germanium, and indium 
are associated are described elsewhere in this volume 
and will not be repeated. Even if major new uses for 
one or all of these elements were to be developed 
that would require greatly expanded production and 
associated price increases, there is very little geo- 
logic probability of finding ores that will be ex- 
ploited solely for their gallium, germanium, or in- 
dium contents. 

Much information needs to be obtained and natu- 
ral distribution patterns need to be defined before 
specific guides can be determined for each element. 
Their geochemistry is still imperfectly understood, 
especially the variability of each within specific 
deposits and the range of variability in different 
geologic settings. The accumulation and analysis of 
such data is the next logical step in establishing a 
better basis for identifying favorable deposits and 
estimating resource availability. 
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PROBLEMS AND NEEDS FOR ADDITIONAL 
RESEARCH 


Resource studies of minor byproduct metals are 
limited by inadequate data. Although data have been 
published on germanium production in recent years, 
no production data are available for gallium and 
indium. Specific identity of original sources of by- 
product materials is not maintained for these three 
metals. 

The data on geologic distribution of these trace 
metals have not been systematically assembled; 
therefore, distributional patterns in individual de- 
posits are not well known, and regional variations 
have not been established. To the extent that com- 
mercial recovery of these materials might be feasi- 
ble from sources other than those currently being 
exploited, much research is needed to establish the 
natural distribution pattern. 

The most promising areas of research would seem 
to be in studying the distribution of these trace 
metals in zine and copper ore deposits and in making 
a systematic compilation of the metals’ regional 
variations. 

In the broader area of commercial recovery, there 
appears to be significant concentration of these 
metals that might be recovered in the processing of 
other ores, particularly copper ores. Search for con- 
centration of these metals in various smelting and 
refining products of all metallic sulfide ores is 
needed. 
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GEM STONES 
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ABSTRACT OF CONCLUSIONS 


Gem stones are mineral substances, other than metals, 
that are attractive enough for use in personal adornment or 
as small household objects. More than 230 mineral species 
are, or have been, used as gem stones at one or another 
stage of man’s cultural history. Gem stones ideally possess 
beauty, durability, and rarity, but the value of a stone may 
be enhanced considerably by masterful cutting. Diamond, 
‘ sapphire, ruby, and emerald generally are considered pre- 
cious stones; all other gem stones generally are considered 
semi-precious. Neither imitation nor synthetic gems have 
infringed seriously on the market for natural stones, nor 
are they likely to do so. Gem stones occur in most of the 
major geologic environments, but they do not form ore de- 
posits in the normal sense. Since 1935, the mining of gem 
stones in the United States has been almost entirely a rec- 
reational activity of mineral collectors and hobbyists. The 
annual value of such gem production has risen from half a 
million dollars in 1952 to nearly $3 million in 1972. A little 
over $500 million a year is spent for importing gems, mostly 
cut and uncut diamonds, and about $200 million worth of 
cut diamonds and synthetic gems are exported annually. 


INTRODUCTION 


Gem stones are mineral substances, other than 
metals, that are attractive enough for use in personal 
adornment or as small household objects such as 
book ends, pin boxes, and statuettes. Gem stones are 
mostly, but not exclusively, of inorganic origin. 
Some vegetable substances, such as amber, and the 
cannel, anthracite, and jet varieties of coal are in- 


cluded, as well as some organically precipitated 
mineral materials, especially pearl] and coral. 

A large number of minerals have been used as gem 
stones at one or another stage of man’s cultural his- 
tory, mostly depending on availability or fashion. 
An inventory of more than 230 mineral species that 
now have or have had currency as gems—nearly one- 
tenth of all known minerals (Fleischer, 1971)—can 
easily be compiled from published lists of gems and 
gem localities (Ball, 1931; Jahns, 1960; Schlegel, 
1957; French, 1968). 

Ideally a gem stone should possess beauty, dura- 
bility, and rarity. Beauty, of course, is in the eye of 
the beholder and varies with the individual and with 
the culture in which he lives. Beauty is based on an 
appreciation of certain attributes of the stone—its 
color, clarity, optical dispersion, index of refraction, 
and perfection of chatoyant zones, to name a few. 
Durability encompasses other physical properties in- 
cluding chiefly resistance to scratching, which is a 
measure of innate hardness; resistance to cleavage 
and fracture; and insolubility. Rarity appeals to 
human exclusiveness and perhaps for this reason 
usually is the principal control over the value as- 
signed to stones. Rarity, however, can act in the 
opposite manner; Jahns (1960) has stated that some 
stones, even those having all the other desirable at- 
tributes, are so rare as to be undependable in supply, 
to be virtually unknown, and therefore to command 
no market. Examples given by Jahns include the 
beautiful oil-green and reddish-brown strongly 
dichroic andalusite, and transparent phenakite, 
euclase, and staurolite. Others also could be named— 
transparent cassiterite, brazilianite, and lapis lazuli. 
Some stones are a matter of national pride and are 
far more expensive in their country of origin than 
elsewhere. Alexandrite (chrysoberyl) from the 
U.S.S.R. is the prime example. 

Another characteristic, independent of the physi- 
cal properties important in determining the value of 
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the stone, is the “make,’’ a measure of the degree to 
which the lapidary has enhanced the physical char- 
acteristics of a stone. Enhancement is accomplished 
by orienting, proportioning, accurately shaping or 
faceting, and polishing the gem to display most ef- 
fectively its optical properties in an esthetically 
satisfying form. 

Almost no gem stones meet the ideal definition 
that requires beauty, durability, and rarity; and 
some have no redeeming virtue but beauty. It is obvi- 
ous, then, why those few stones—diamond, sapphire, 
ruby, and emerald—that have these three qualities 
to a high degree always have commanded a high 
price and always have been thought of as precious 
stones, in contrast to others considered to be only 
semiprecious. At certain times and places opal, chry- 
soberyl, and even pearl, turquoise, and amber also 
have been considered precious stones, largely on the 
basis of their rarity. Pearl and turquoise are now 
reasonably abundant and therefore reasonably inex- 
pensive. On the other hand, vanishingly small sup- 
plies of stones of exceptional size and quality allow 
ruby and Uralian alexandrite to command prices far 
in excess of that asked for diamond of the same 
weight. Other stones increase in price faster than 
can be accounted for by inflation, increasing rarity, 
or national pride. Aquamarine and tanzanite (a va- 
riety of zoisite), for instance, have risen rapidly in 
price recently in some parts of the world, apparently 
very largely in response to changes in style of per- 
sonal ornamentation—that is, in response to fad. 
The exhaustion of ancient mining areas, the discov- 
ery of new deposits, shifting tastes, development of 
synthetic stones, and changes in pattern of transpor- 
tation and marketing have combined to break down 
these distinctions; so the tendency is for all gem 
materials now simply to be known as precious stones. 


EXPLOITATION 


A very large fraction of all the gem materials ever 
produced is still in existence because of the inherent 
durability of stone, however soft, and the care nor- 
mally lavished on costly artifacts. With the constant 
discovery of new gem deposits, it might be expected 
that the supply eventually would satisfy the market. 
But the market constantly grows, along with world 
population and affluence, and the attendant social 
and political unrest puts an additional premium on 
gems, for they constitute an easily portable and con- 
centrated form of wealth. The price of any gem ma- 
terial is not likely to drop except over the short term. 

Neither imitation nor synthetic gem stones have 
infringed seriously on the market for natural stones, 
nor are they likely to do so in the future, in spite of 
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the already wide variety and crystalline perfection of 
these materials and the nearly frantic research to 
produce others. Ruby, sapphire, spinel, rutile, emer- 
ald, garnets, lapis lazuli, greenockite, diamond, and 
a number of other gems have been synthesized. Som2 
of these, in both colored and colorless forms, to- 
gether with several natural gems and other synthetic 
materials such as strontium titanate and yttrium- 
aluminum garnet (YAG), are marketed as inexpen- 
sive substitutes for natural diamond. Colored glass 
and imitation pearls, of course, fill the need for cos- 
tume jewelry. Like Rembrandt originals, however, 
natural gem stones will always be assured a market 
because of the exclusiveness of rarity and genuine- 
ness, regardless of the disparity in price between 
them and their substitutes. 

Persistent commercial production of gem stones at 
a profit by a private corporation is a rarity any- 
where in the world. The rich diamond pipes of Africa 
and the alluvial diamond deposits in Africa and in 
Brazil are significant exceptions. The profitability of 
government-owned mines, such as the emerald mines 
of Colombia and West Pakistan and the diamond 
deposits of Soviet Siberia, is not known. It is a fact, 
however, that the privately operated Chivor emerald 
mines in Colombia are now idle, perhaps in part 
because a reported large fraction of production was 
lost through pilferage and never reached the com- 
pany’s vaults. Commercial ventures to produce sap- 
phire and ruby in Burma and in the Yogo Gulch area 
of Montana were short lived, as was the attempt to 
produce diamonds from the kimberlite pipes at Mur- 
phreesboro, Ark., and the same is true at many 
other places throughout the world. The small size 
and diffuse nature of most deposits of gem materials 
seem to make them amenable to exploitation only by 
the individual miner or small group, often a family, 
many of whom mine stones only intermittently and 
by relatively unsophisticated methods. Yet the bulk 
of all gem stones exclusive of diamond and emerald 
are produced in this manner, whether they come 
from the pegmatites of the Malagasy Republic, 
Brazil, Maine, or California, or from the alluvial 
deposits of Burma, Ceylon, or Idaho. 


GEOLOGIC ENVIRONMENT 


It is no tautology to say that gem stones are rare 
because they are not plentiful. They do not form 
“ore” deposits in the normal sense. The very precise 
environmental conditions required to produce gem 
stones, any gem stones, are unusual in the context of 
the large scale and constantly changing chemical- 
thermal-dynamic systems in which all minerals are 
formed. Gems, when present at all, generally are 
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scattered sparsely throughout a large body of rock, 
or have crystallized as small aggregates or fill veins 
and small cavities. Even placer concentrations tend 
to be small—a few stones in each of several bedrock 
cracks, potholes, or gravel lenses in a streambed. The 
average grade of the richest diamond pipes in Africa 
is about 1 part diamond in 40 million parts “ore,” 
and because much diamond is not of gem quality, the 
average stone in a woman’s engagement ring is the 
product of the removal and processing of 200-400 
million times its volume of rock. 

Gem stones occur in most of the major geologic 
environments. Each environment produces a char- 
acteristic suite of gem materials, although many 
gems occur in more than one environment. 

The igneous rocks are the source of the greatest 
value of gems each year largely because the kimber- 
lites in Africa (see chapter on “Abrasives’”) yield 
most of the world’s diamonds. Other mafic igneous 
rocks yield ruby, sapphire, garnet, and peridot, and 
probably also, at least in some places, jadeite and 
nephrite. Granitic igneous rocks, particularly the 
coarsely crystalline pods and tabular bodies called 
pegmatites, and coarsely crystalline fillings of miaro- 
litie cavities, probably contain a wider variety of 
gem stones than any other rock type. Quartz, tour- 
maline, topaz, apatite, spodumene, and beryl] (includ- 
ing emerald), in all their varieties and colors, as 
well as zoisite, garnet, chrysoberyl, sphene, spinel, 
and zircon, are characteristic of pegmatites and ig- 
neous cavity fillings. 

Metamorphic rocks are the source of ruby, saph- 
phire, garnet, and emerald. The schists and gneisses 
also contain andalusite, actinolite, chrysoberyl, zois- 
ite, topaz, jadeite, and nephrite, whereas the addi- 
tional suite of gem stones characterizing the marbles 
and related calcareous metamorphic rocks includes 
rhodonite, lazurite, epidote, cordierite, apatite, axin- 
ite, and tourmaline. Contact-metamorphosed rocks 
are likely to be more productive of a variety of gem 
materials than those that have been regionally meta- 
morphosed; the igneous rock bodies nearby supply 
fluid emanations containing the constituents needed 
to form some of the gem minerals. 

Aqueous solutions, both the hot solutions derived 
from plutonic igneous bodies or from volcanic ac- 
tivity and the relatively cold solutions that percolate 
downward into the rocks from the surface of the 
earth, are the source of a rich variety of gem ma- 
terials which precipitate in cracks, fissures, and 
voids or replace preexisting materials. Some gems 
precipitate only from waters that are at least rea- 
sonably hot; examples are euclase, citrine quartz, 
imperial topaz, emerald, and benitoite. Other gems 
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can precipitate from aqueous solutions having a wide 
ranges of temperature—cacoxinite and amethyst, 
for example, as well as opal, pumpellyite, datolite, 
thomsonite and the other zeolites, hematite, tourma- 
line, some topaz, and certain garnets. Cold-water 
solutions descending through the rocks are the 
source of most agate, jasper, petrified wood and 
bone, and tigereye and other forms of cryptocrystal- 
line quartz, and they also supply the oxygen needed 
to alter preexisting mineral materials to such gem 
materials as malachite and turquoise. 

When a primary deposit of gem stones is weath- 
ered deeply, as is common in many parts of the 
world, the gems are left behind in a clayey matrix 
from which miners can easily wash them. Nearly all 
mining of gem-bearing rock is confined to the weath- 
ered zone because of the difficulty of freeing gems 
from fresh rock without shattering them. 

A placer deposit is formed when wind or water 
removes clayey matrix from a weathered gem-bear- 
ing rock body leaving the gems concentrated. Placers 
generally are far richer than the original sources 
because of the concentration process and because the 
imperfect gem stones tend to be eliminated by break- 
age, leaving behind the gems of exceptional quality. 


UNITED STATES OCCURRENCES 


Nearly 100 different mineral species have been 
mined and marketed in the United States as gem 
stones, and every state has contributed to this mar- 
ket. Most deposits consist of “semiprecious” stones. 
Even quasi-gem materials such as banded rhyolite, 
porphyritic andesite, clusters of marcasite crystals, 
and fossil trilobites have commercial value in the 
fabrication of pins, broaches, tie slides, and similar 
items. The United States also has produced diamond 
from Arkansas and ruby and sapphire from Mon- 
tana and the Appalachian States, especially North 
Carolina; North Carolina also continues to produce 
an occasional emerald. Maine was at one time known 
for its commercial production of colored tourmalines 
and beryl. Large quantities of pink tourmaline from 
the Pala district of California were sent to China in 
the early part of this century. Wyoming and Cali- 
fornia continue to produce large quantities of the 
jade minerals, but production from vast jade fields 
in the Kobuk River region of Alaska is just begin- 
ning. Benitoite is known to occur nowhere in the 
world except in California, and the rhodolite gar- 
nets of North Carolina and the pumpellyite amyg- 
dules from the western end of Lake Superior are, as 
far as is known, unique. 

Large deposits of the more valuable gem materials 
that can be and have been mined for centuries such 


250 


as the abundant pegmatites of Brazil and the Mala- 
gasy Republic, or the extensive placer deposits of 
southern Asia, are not known in the United States. 
The few American deposits which produced ruby, 
sapphire, emerald, beryl, and tourmalines commer- 
cially ceased doing so years ago. Since about 1935 
the production of gem stones in the United States 
has been restricted very largely to turquoise, jadeite, 
nephrite, opal, aventurine, and the cryptocrystalline 
silica minerals agate, petrified wood, chalcedony, 
chrysoprase, and jasper. In total value the silica min- 
erals overwhelm all the others. Nearly all the gem 
stone production of the last 40 years has come from 
Texas and the States west of the Great Plains, but it 
is impractical to enumerate here all of the gem stone 
localities of even the Western States. 


UNITED STATES PRODUCTION 


The mining of gem stones in the United States 
since about 19385 has been almost entirely a recrea- 
tional activity of mineral collectors and hobbyists. 
Estimates of the number of individuals in recent 
years whose entire income is derived from gem 
stones mined by themselves have ranged from only 
8 to about 30. This is not to say that the proprietors 
of roadside rock shops buy all of their stock from 
others. Rock shops are abundant in areas rich in gem 
materials, and the operators tend to specialize in the 
local gem commodities, most of which they gather 
themselves. Owners of properties containing gem 
materials, rather than doing the mining themselves, 
sometimes charge hobbyists for the privilege of col- 
lecting gem stones. Diamond in Arkansas, opal in 
Idaho, and agate in Oregon and Washington are 
mined by hobbyist under this type of “fee digging” 
arrangement. it is not usually, however, the value 
of the stones produced and sold in an area or the 
generally small fees collected by property owners 
that are the most significant contributions to the 
local economy of areas productive of gem stones; 
rather, it is the cost-of-living expenses of the hobby- 
ists while afield. Moreover, with the growing popu- 
larity of lapidary work and of “rock hounding” 
among all age groups in the United States, and with 
the steadily increasing number of older people, many 
of whom are retired and have time available to pur- 
sue the hobby, both gem production and the economy 
of gem-producing areas are likely to increase sub- 
stantially in the future. It is not paradoxical, there- 
fore, that the United States, which has no major 
gem stone deposits and no organized gem-producing 
industry, still has been able to increase the value of 
its gem production from half a million dollars in 
1952 to nearly $3 million in 1972; the annual value of 
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gem stones produced 20 years hence probably will be 
several times $3 million. 


IMPORTS AND EXPORTS 


The United States is a large importer of gems, 
mostly the “precious” stones diamond and emerald, 
of which the United States has only minuscule do- 
mestic production. Diamond once made up nearly 95 
percent of all gem imports; and although it has now 
dropped to about 80 percent, current import of cut 
diamond is about $200 million annually, and import 
of uncut diamond is about $300 million. Cut emerald 
is imported at a rate of about $10 million annually, 
and in some recent years the import of synthetic 
stones has been nearly this much. Pearls and other 
gem materials, including imitation stones, constitute 
only a few percent of the value of all gems imported. 

The value of gem stones exported from the United 
States is about $200 million per year. The reexport 
of diamond, cut in this country from imported un- 
cut stones, accounts for much of this, but an increas- 
ing percentage is made up of synthetic stones. There 
is also a small but steadily increasing export of 
natural domestic gem materials to Germany, Tai- 
wan, and elsewhere for fabrication. Principal among 
these materials are turquoise and the jade minerals, 
as well as quantities of massive actinolite, pink dolo- 
mite, banded rhyolite, and other ornamental stones. 
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ABSTRACT OF CONCLUSIONS 


The geothermal resource base is defined as all the heat 
above 15°C in the earth’s crust, but only a small part of this 
resource base can properly be considered as a resource. The 
magnitude of the geothermal resource depends on the evalua- 
tion of many physical, technological, economic, environmental, 
and governmental factors. The physical factors that control 
the distribution of heat at depth can be evaluated, at least 
rudely. More tenuous are the assumptions of technology, eco- 
nomics, and governmental policy. These assumptions are cri- 
tical to geothermal resource estimation, and differences 
among them are in great part responsible for the vast range 
in magnitude among different geothermal resource estimates. 

Utilization of a greater proportion of the geothermal re- 
source base depends on achieving one or more of the fol- 
lowing items: 


1. Technological advances that would allow electrical gen- 
eration from low-temperature reservoirs. 

2. Breakthroughs in drilling technology that would permit 
low-cost drilling of holes to depths greater than 3 km. 

8. Development of techniques of artificial stimulation that 
would increase the productivity of geothermal reser- 
voirs. 

4, Expansion of the use of low-grade geothermal resources 
for such purposes as space heating, product processing, 
agriculture, and desalination. 


INTRODUCTION 


Geothermal energy, in the broadest sense, is the 
natural heat of the earth. Temperatures in the 
earth rise with increasing depth. At the base of 
the continental crust (25-50 km), temperatures 
range from 200°C to 1,000°C (Lachenbruch, 1970) ; 
at the center of the earth (6,371 km), they range 
perhaps from 3,500°C to 4,500°C. Most of the earth’s 
heat is far too deeply buried ever to be tapped by 
man. Although drilling has reached 714 km and may 
some day reach 15-20 km, the depths from which 
heat might be extracted profitably are unlikely to 
be greater than 10 km. Even in this outer 10 km, 
most of the geothermal heat is far too diffuse ever 
to be recovered economically (White, 1965). Conse- 
quently, most of the heat within the earth, even at 
depths of less than 10 km, cannot be considered an 
energy resource. 

Geothermal energy, however, does have potential 
economic significance where heat is concentrated 
into restricted volumes in a manner analogous to 
the concentration of valuable metals into ore de- 
posits or of oil into commercial petroleum reser- 
voirs. At present, economically significant concen- 
trations of geothermal energy occur where elevated 
temperatures are found in permeable rocks at depths 
less than 3 km. The thermal energy is stored both 
in the solid rock and in water and steam that fill 
pores and fractures. This water and steam serve to 
transfer the heat from the rock to a well and thence 
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to the ground surface. Under present technology, 
rocks with too few pores, or with pores that are not 
connected, do not constitute an economic geothermal 
reservoir, however hot the rocks may be. 

Water in a geothermal system also serves as the 
medium by which heat is transferred from a deep 
igneous source to a shallow geothermal reservoir at 
depths shallow enough to be tapped by drill holes. 
Geothermal reservoirs are located in the upflowing 
parts of major water convection systems. Cool rain- 
water percolates underground from areas that may 
consist of tens to thousands of square kilometers. 
At depths of 2-6 km, the water is heated by contact 
with hot rocks (in turn probably in contact with 
molten rock). The water expands upon heating and 
then moves buoyantly upward in a column of rela- 
tively restricted cross-sectional area (1-50 km?). 
The driving force of these large circulation systems 
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is gravity, effective because of the density difference 
between cold downward-moving recharge water and 
hot, upward-moving geothermal water. 


EXPLOITATION 


The primary use of geothermal resource to date 
is for the generation of electricity (fig. 27). Under 
existing technology, geothermal steam (after sepa- 
ration of any associated water) is expanded into a 
low-pressure (5-7 bar) turbine which drives a con- 
ventional electrical generator. Geothermal heat is 
also used directly (table 49) in the heating and air- 
conditioning of buildings, in the heating of hot- 
houses and soil for agricultural purposes, and in 
product processing. In addition, warm waters from 
springs and wells are widely used for bathing, rec- 
reational, and therapeutic purposes, particularly in 
central EKurope and in Japan (Komagata and others. 
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FicurE 27.—Growth of geothermal generating capacity by countries 1900-72. Sources—Italy: [Italy] ENEL, [1970]. U.S.A.: 


Bruce (1971). New Zealand: McKenzie and Smith (1968) 


(in press). Mexico: Alonso-Espinosa and others (1968). 


land: Ragnars and others (1970). 


; Smith (1970). Japan: Hayashida and Ezima (in press) ; Mori 
U.S.S.R.: Tikhonov and Dvorov (1970); Facea (in press). Ice- 


GEOTHERMAL RESOURCES 253 
TABLE 49.—Principal utilization (other than for electricity) of geothermal resources 
Use Country Localities Quantity Reference 
Space heating --------- Iceland --------- Reykjavik) <sscccsce-scasessceeeeece == 1.0810 cal yr in 1969 ._--------.. Soe and Zoéga 
1970). 
Hveragerdi, Selfoss, Saudarkrokur, 8.8X10 cal yr“! in 1969 Do. 
Olafsfjérdur, and Dalvik. 
Hungary ------_ Various localities -..-...-.._------.-- Peak load 3.9X10" cal hr; “Optimal Boldizér (1970). 
useful production capacity’=1.1X 
10! cal yr. 
UESiS Rae aa Caucausus Mountains, Kazakhstan, Uncertain but large -----......---_..- Makarenko and 


Kamchatka. 


New Zealand --_ Rotorua 


United States -__ 


Air conditioning ------- New Zealand --__ Rotoriae sesso ee seen 
Agricultural heating --- Iceland -_---.--- Hveragerdi -------------- 
U.S.S.R Various localities ~-.----- 
Hungary eso) coececceestecceccs 
Japan eect scedoscoseseossoss 
Italy) yoo - ost os ce Castelnuovo -.----------- 


United States __ Lakeview, Oreg 


Product processing: 


LER | Soper New Zealand -__ Kawerau) o--osss-sso---- 

Diatomite -----.--- Teeland(geessso oe Namafjall --.-.---------- 

RE eee Japan? s2.2=s=2c= Shikabe, Hokkaido --_---- 
Byproducts: 

1R7 HOA cosescesets United States -_. Imperial Valley, Calif --.- 

IBOrOnwe = soea nae ae pltalye sooo Larderello 


Calcium chloride --__ Imperial Valley, Calif 


1970). Geothermal energy has potential use in 
refrigeration and freeze drying (Einarsson, 1970), 
and some geothermal fluids contain potentially valu- 
able byproducts, such as potassium, lithium, cal- 
cium, and other metals (White, 1968). 

Production of fresh water by self-desalination of 
geothermal fluids has been proposed for the Imperial 
Valley in Southern California (Rex, 1968, 1971b) 
and for the El] Tatio geothermal field in northern 
Chile (Barnea, 1971). Evaluation of the geothermal 
desalination potential of the Imperial Valley is being 
carried out jointly by the U.S. Bureau of Reclama- 
tion and the Office of Saline Water (U.S. Bur. Recla- 
mation, 1972). The quantities of geothermal water 
in storage in the Imperial Valley are large (Dutcher 
and others, 1972). If geothermal desalination proves 
to be technologically and economically feasible, the 
waters of the Imperial Valley may prove to be a 
significant augmentation to the fresh water supply 
of the southwest United States. 


ENVIRONMENTAL CONSIDERATIONS 


Considerable attention has been drawn to geo- 
thermal resources as an electrical generating mode 
that can have a relatively small effect on the en- 
vironment. Geothermal energy does not produce 


others (in press), 
Sukharev and 
others (in press), 
and Tikhonov and 
Dvorov (in press). 

Burrows (1970). 

Peterson and Groh 
(1967). 

Koenig (1970). 


~950 wells --.-......---.-..-.-----_- 
mB C1018 cal Yio! cscsccece ese ceeeceeee 


Capability of 1-2<10° gal yr of 
75°C. water. 

5.8 X 108 cal hr— heat input to LiBr 
absorption unit. 

>9.510* m? of greenhouse in 1960; 


Reynolds( in press). 


Palmason and Zoéga 


5.31018 cal yr— in 1969. (1970). 
Serceoseoa a 2107 m? of greenhouse in 1969 --_.__ Dragone and Rumi 
(in press). 


~4X105 m* of greenhouse in 1969 -_ 
~2X10! m? of greenhouse --_-------- 


Boldizar (1970). 
Komagata and others 


(1970). 
=Sescees Se 3103 m? of greenhouse --.----._-.-. Dragone and Rumi 

(in press). 
Scosceaseeee 2.8108 m? of greenhouse -----------._ Head (1970). 


Calculated from 
Smith (1970, table 
10). 

Ragnars and others 
(1970, table 3). 

Komagata and 
others (1970). 


Muffler and White 
(1968). 


HESIOS GAL Se occeecceccecosescsesss 


moO Gl Oleicaliyra) sent eneatee eee soso ee 


150 tons yr-! of salt recovered from sea 
water. 


>1.84 X 107 m3 of COs between 1934 and 
1948. 


Large production from 1810 to 1966 -- 
Uncertain but small 


atmospheric particulate pollutants as do fossil-fuel 
plants, and it has no potential for radioactive pollu- 
tion. Geothermal modes of generating electricity do 
share with fossil-fuel and nuclear modes the poten- 
tial for thermal pollution; indeed, the amount of 
waste heat per unit of electricity generated is higher 
for geothermal than for either nuclear or fossil-fuel 
modes, owing to the low turbine efficiencies at the 
low geothermal steam pressures. Geothermal efflu- 
ents, as well as being warm, commonly are min- 
eralized and thus present a chemical pollution hazard 
to surface or ground waters. Accordingly, most if 
not all proposed geothermal developments in the 
United States plan to dispose of unwanted effluent 
by reinjection into the geothermal reservoir. 

Other insults to the environment that are inherent 
in geothermal development are in large part con- 
trollable at reasonable costs. These include noise 
(drilling, testing, and production), gaseous emis- 
sions (particularly H.S), and industrial scars. In- 
tensive geothermal exploitation may cause sub- 
sidence, due either to fluid withdrawal (Hunt, 1970) 
or to thermal contraction of rock as heat is with- 
drawn. Reinjection of water in fault zones may 
increase the incidence of earthquakes, by a mecha- 
nism similar to that demonstrated for the Rocky 
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Mountain Arsenal well in Colorado by Healy, Rubey, 
Griggs, and Raleigh (1968). 

Bowen (1973) correctly pointed out that “To 
understand properly the impact of the production 
of electric power on the environment, it is necessary 
to evaluate more than just the power plant, whether 
it is geothermal, nuclear, or fossil fueled; the entire 
fuel cycle from mining, processing, transportation, 
and the disposal of spent wastes must be consid- 
ered.’”’ When viewed in this light, the environmental 
impact of geothermal generation does indeed appear 
to be minor compared with fossil-fuel or nuclear 
generation. The environmental impact of geother- 
mal generation is restricted to the generating site, 
whereas much of the environmental impact of other 
modes of generating takes place at other sites 
(mines, processing plants, disposal sites) and is 
commonly neglected in the evaluation of environ- 
mental impact of a power plant. 


GEOLOGIC ENVIRONMENTS 


Geothermal reservoirs are the “hot spots” of 
larger regions where the flow of heat from depth in 
the earth is about 114-5 times the worldwide aver- 
age of 1.5<10~-° calories per square centimeter per 
second. Such regions of high heat flow commonly 
are zones of young volcanism and mountain build- 
ing and are localized along the margins of major 
crustal plates (Muffler and White, 1972, fig. 1). 
These margins are zones where either new material 
from the mantle is being added to the crust or 
crustal material is being dragged downward and 
“consumed” in the mantle. In both situations, molten 
rock is generated at depth and moves buoyantly 
upward into the crust. The resultant pods of igneous 
rock provide the heat that is then transferred by 
conduction to the convecting systems of meteoric 
water. 

There are two major types of geothermal sys- 
tems: (1) hot water (White, 1970, 1973) and (2) 
vapor dominated (“dry steam’) (White and others, 
1971; Truesdell and White, 1973; White, 1973). In 
a hot-water geothermal system, the fluid in the rock 
at depth is water alone. Steam is produced by boiling 
as the fluid moves up a well to the surface, and a 
mixture of steam and water is produced at the sur- 
face; the water must be removed from the steam 
before the steam is fed to a turbine. Vapor-domi- 
nated geothermal systems, on the other hand, con- 
tain both water and steam in the reservoir at depth. 
With decrease in pressure upon production, heat 
contained in the rock dries the fluids first to satu- 
rated and then to superheated steam, which can be 
piped directly into a turbine. Among geothermal 
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systems discovered to date, hot-water systems are 
perhaps 20 times as common as vapor-dominated 
systems (White, 1970). 

Potentially recoverable geothermal resources also 
occur in some regions where the normal heat flow 
of the earth is trapped by insulating impermeable 
clay beds in a rapidly subsiding geosyncline. For 
example, along the gulf coast of the United States, 
temperatures of 150°C-273°C are found at depths 
of 4-7 km in geopressured zones (Jones, 1970). 
Waters in these geopressured zones are not circulat- 
ing meteoric water; they are produced by compac- 
tion and dehydration of the sediments themselves. 


RESOURCES AND PROBLEMS 


Estimates of the geothermal resources of the 
United States and of the world differ by as much as 
six orders of magnitude. White (1965, p. 14) stated 
that “existing worldwide utilization equivalent to 
about 1 million kw * * * probably can be increased 
at least 10 times [that is, to 10‘ Mw] under present 
economic conditions and maintained for at least 50 
years.” Banwell (1967, p. 155) estimated a poten- 
tial heat production of 210° kg-cal/sec from geo- 
thermal energy associated with “Pacific type vol- 
canism.” At 14 percent thermal efficiency, this rate 
of heat production could sustain electrical generat- 
ing capacity of about 10° Mw. Rex (1971a, p. 54) 
stated that he and his colleagues “ * * * are esti- 
mating the western [conterminous] U.S. geothermal 
potential from 10° to 107 megawatts.” White (1965) 
and Muffler and White (1972) estimated that the 
world geothermal resource to a depth of 3 km for 
electrical generation by proven techniques is ap- 
proximately 2 x10" calories (equivalent to 58,000 
Mw for 50 yr). Rex (1972a) stated that “ * * * the 
present recoverable [geothermal] resource for the 
western third of the continental United States, ex- 
cluding Alaska, is of the order of 10° megawatt- 
centuries. This figure could be expanded by another 
factor of 10 by the inclusion of the eastern two- 
thirds of the United States and another factor of 
10 [that is, to 10'° megawatt-centuries] by improve- 
ments in technology.” John Banwell and Tsvi Mei- 
dav (oral presentation, Ann. Mtg. Am. Assoc. Adv. 
Sci., Philadelphia, 1971; ms. supplied by Tsvi Mei- 
dav) stated that “The geothermal energy reserves 
of the world are orders of magnitude greater than 
the total reserve of any other form of fossil energy.” 

The wide variance among these resource estimates 
reflects several factors—predominantly, the defini- 

1If one assumes 14 percent thermal efficiency (as in Rex, 1972b), this 
electricity is produced from 4.93 * 10% cal. or approximately eight times the 


estimate of White (1965, p. 2) for the total heat stored under the 
United States to a depth of 10 km. 
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tion of the term “resources” as used by the respec- 
tive authors. Schurr and Netschert (1960, p. 297) 
stated: 


The “resources” of a mineral raw material may be defined 
according to any technical and economic criteria that may 
be considered relevant and appropriate. The resources con- 
sist of that part of the resource base (including reserves) 
which seem likely to become available given certain tech- 
nologic and economic conditions. * * * Whether any particu- 
lar definition of resources is useful depends on the context 
in which it is to be used and the possibility and need for 
expressing it quantitatively. It is essential in any event 
that an explicit definition always be given in conjunction with 
the use of the term. 

Particularly for geothermal resources, it accord- 


ingly is incumbent upon any author to define his 

usage of “resources” and to state explicitly his as- 

sumptions. Most authors are seriously remiss in this 
regard, and their resource estimates must therefore 
be viewed with skepticism. 

The “‘resource base” was defined by Schurr and 
Netschert (1960, p. 297) as all of a given material 
present in the earth’s crust, whether its existence 
is known or unknown and regardless of cost con- 
siderations. For geothermal resources, the “resource 
base” is therefore all of the heat in the earth’s crust, 
presumably measured from O°K (= —273.15°C). 
For obvious practical reasons, heat below mean sur- 
face temperature of the earth (about 15°C) is ex- 
cluded from consideration, and the geothermal re- 
source base may be considered as all heat above 
15°C in the earth’s crust. Quantification of the geo- 
thermal resource base depends on the definition of 
the term “crust,” the estimate of the dimensions 
of the crust, the three-dimensional distribution of 
temperature within the crust at any particular 
moment, and the heat flux between the mantle and 
the crust and between the crust and the atmosphere. 

What proportion of the geothermal resource base 
should be considered as a resource? This proportion 
depends on evaluation of the following factors, many 
of which are interdependent: 

1. Depth of extraction, which is dependent on the 
technology and economics assumed. White 
(1965) gives estimates of geothermal re- 
sources to depths of 3 km, the deepest geother- 
mal well drilled to date, and 10 km, the deepest 
well likely to be drilled in the foreseeable 
future. 

2. Three-dimensional temperature distribution to 
the depth assumed. 

3. Specific heat distribution; a convenient approxi- 
mation presented by White (1965) is based 
on the fact that most earth materials have 
nearly equal volumetric specific heats. 
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A. Porosity, effective porosity, specific yield, and 
permeability. 
5. Physical state of the fluid in the reservoir (wa- 
ter or steam). 
Available technology. 
Economics of various possible uses. 
Governmental policy with respect to societal 
needs, environmental constraints, and avail- 
ability of other forms of energy. 
Many physical factors that control the distribu- 
tion of heat to any given depth can be evaluated, 
at least rudely (White, 1965, 1973; Banwell, 1967; 
Rex, 1971b; Muffier and White, 1972). More tenu- 
ous are the assumptions of technology, economics, 
and governmental policy. These assumptions are 
critical to geothermal resource estimation, and dif- 
ferences (explicit or implicit) among them are in 
great part responsible for the vast range in magni- 
tude among geothermal resource estimates. 
Geothermal reserves (defined as those resources 
recoverable at present at costs competitive with 
alternative forms of energy) are clearly limited if 
one considers only generation of electricity. For the 
generation of electricity using proved and demon- 
strated technology, the geothermal reservoir must 
have a temperature of at least 180°C; at lower 
temperatures the quantity of flash steam is inade- 
quate (fig. 28). Reservoirs at this or higher tem- 
perature, at recoverable depths, and with adequate 
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FIGURE 28.—Weight percent of steam produced by flashing 
water at various temperatures to a turbine inlet pressure 
of 50 lb in? gauge (James, in press). Graph calculated 
from data given in tables 1 and 2 of Keenan and others 
(1969). 
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productivity are unlikely to be abundant. White 

(1965) estimated resources recoverable as elec- 

tricity to 3 km to be 2 x 10' calories (=2.32 1018 

kwhr). This energy is less than one ten-millionth of 

the total amount of heat above 15°C in the outer 

10 km of the earth (White, 1965, p. 2). 

Utilization of a greater proportion of the heat 
stored in the outer 10 km of the earth depends on 
achieving one or more of the following items: 

1. Technological advances that would allow elec- 
trical generation from low-temperature reser- 
voirs. 

2. Breakthroughs in drilling technology that would 
permit low-cost drilling of holes to depths 
greater than 3 km. 

3. Development of techniques of artificial stimula- 
tion that would increase the productivity of 
geothermal reservoirs. 

4. Expansion of the use of low-grade geothermal 
resources for such purposes as space heating, 
product processing, agriculture, and desalina- 
tion. 

Several of these breakthroughs may occur in the 
reasonably near future; if they do, the recoverable 
resource estimates of White (1965) will have to be 
revised upward to reflect the major changes in 
basic assumptions. Four possible breakthroughs de- 
serve specific mention: 

1. Much attention is currently being paid to the 
possible generation of electricity from low- 
temperature geothermal waters, using a sys- 
tem whereby the geothermal heat is used in a 
heat exchanger to boil a secondary fluid such as 
isobutane or freon. This low-boiling fluid (as a 
gas) drives a turbine, is condensed, and then 
returns to the heat exchanger (Jonsson and 
others, 1969). A generating unit based on the 
heat-exchange principle and using intake wa- 
ter at 81°C is reported to be in pilot operation 
at Paratunka, Kamchatka, U.S.S.R. (Facca, 
in press). U.S. industry interest in this gen- 
erating mode is high (Anderson, 1973), al- 
though no pilot or prototype plant has yet 
been built. 

2. Successful demonstration of the technical feasi- 
bility of geothermal self-desalination (U.S. 
Bur. Reclamation, 1972) could greatly en- 
hance the economic position of geothermal 
resources. Particularly in water-short parts 
of the world, geothermal energy may be the 
preferable energy source for desalination, 
either of the geothermal brine itself or of other 
saline waters near the geothermal develop- 
ment. 
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38. Research at the LASL (Los Alamos Scientific 
Laboratory) has recently been focused on the 
development of a nuclear drill that would bore 
holes in rock by progressive melting rather 
than by chipping, abrading, or spalling 
(Smith, 1971). If development of this “nu- 
clear subterrene” is successful and its use is 
relatively inexpensive, extraction of geother- 
mal energy from depths as much as 10 km 
may become feasible. 

4. One possible application of the nuclear subter- 
rere proposed by LASL is to drill to depths 
gru:-2r than 5 km in regions where tempera- 
tures may be abnormally high but where per- 
meability is low. LASL proposes to hydrofac 
the hot rock to increase permeability and 
expects that extraction of heat by water cir- 
culated through the crack will result in 
thermal-stress cracking and a continuously 
enlarging crack system (Aamodt and Smith, 
1973; Harlow and Pracht, 1972). Geothermal 
reservoir stimulation by various methods (in- 
cluding nuclear devices) was recently the sub- 
ject of a symposium of the American Nuclear 
Society (Kruger and Otte, 1973). 

Another confusing aspect of geothermal resource 
estimation involves the units of energy in which 
the estimates are expressed by various authors. 
Geothermal energy is heat, and the resource and 
reserve estimates therefore should be expressed in 
calories, joules, or Btu’s. But historically the major 
use of geothermal energy has been ‘o generate elec- 
tricity, and resource estimates commonly have been 
expressed in units of electrical energy (kilowatt- 
hours or megawatt-years) or in terms of installed 
electrical capacity (kilowatts or megawatts). In 
converting from calories to kilowatt-hours, how- 
ever, one cannot blindly use the energy conversion 
factors given in standard tables (for example, 
Handbook of Chemistry and Physics). These con- 
version factors, although mathematically and physi- 
cally accurate, do not take into account the ther- 
modynamic inefficiencies in converting heat to 
electricity via a turbine and generator. For exam- 
ple, in units 3 and 4 at The Geysers, Calif. (a vapor- 
dominated geothermal system), only 14.3 percent 
of the energy delivered to the turbine is actually 
converted to electricity (Bruce, 1971). Almost all 
the remaining 85.7 percent is discharged as heat 
to the atmosphere, with only a small fraction of 
heat being returned to the reservoir in condensate 
from the cooling towers. 

The best fossil-fuel generating plants in the 
United States have a thermal efficiency of about 
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40 percent; the best nuclear plants, about 33 per- 
cent (U.S. Library of Congress, 1970). The rela- 
tively high efficiencies of these generating modes 
compared with geothermal modes are mainly due 
to the much higher temperatures and pressures of 
steam input. 

Any system that generates electricity from heat 
has an efficiency limited by the second law of ther- 
modynamics. An ideal (Carnot) engine will have a 
thermal efficiency equal to 1—(T,/T.), where T, is 
the final temperature, in degrees Kelvin, and T, is 
the initial temperature, in degrees Kelvin (Hossli, 
1969). Thus, for geothermal generation (as at The 
Geysers) where T, — 80°F (299.8°K) and T, = 
355°F (452.6°K) (Barton, 1972, fig. 4), the maxi- 
mum theoretical efficiency is [1—(299.8/452.6) ] 
(100) = 33.9 percent. For a fossil-fuel plant at T, 
= 100°F (311°K) and T. = 1,000°F (811°K), the 
maximum theoretical efficiency would be 61.6 per- 
cent. 

The overall generating efficiency of an installation 
at a hot-water geothermal field is even less, owing 
to the fact that under existing technology only the 
steam can be utilized in a turbine. In a hot-water 
system at 260°C (like Wairakei, New Zealand), the 
fluid delivered to the power plant at a turbine inlet 
pressure of 50 lb in-* gauge (4.46 bar absolute) is 
by weight 24 percent steam and 76 percent water. 
Fifty-nine percent of the produced heat is in the 
steam, and 41 percent, in the water. Accordingly, 
the overall thermal efficiency of a 260°C hot-water 
geothermal installation is approximately (59 per- 
cent) (14.8 percent) = 8 percent. 

Geothermal resources cannot be expressed in kilo- 
watts or megawatts unless the assumed life of the 
system and the plant factor (for geothermal gen- 
eration usually assumed to be 8,000 hr yr~—!) are 
also specified. Kilowatts and megawatts are units 
of electrical capacity, not electrical energy, and thus 
are a function of not only the size of the geother- 
mal resource but also the rate of production. The 
rate of production depends on the economics of the 
particular situation; production has to be held to a 
level that will allow the capital facilities to be 
amortized before the field is exhausted. The largest 
geothermal field imaginable presumably could be 
exhausted in 1 year, at prohibitive economics. More 
reasonable assumptions for field life fall between 
25 and 50 years. 

Even if one restricts resource discussion to heat 
and thus avoids the possible ambiguity of electrical 
units, one must be careful to specify whether the 
heat considered is total heat in a specified volume 
of ground, heat in the fluid phase only, heat that 
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actually can be extracted from the ground, or heat 
actually delivered to a turbine. 

To illustrate these differences, consider a hypo- 
thetical hot-water geothermal system to a depth of 
3 km, with temperatures controlled by the boiling- 
point curve to a base temperature of 260°C. I 
assume a rock particle density of 2.6 g em—%, a rock 
specific heat of 0.2 cal g—1 °C—}, and all calculations 
referred to 15°C. Using steam table data (Keenan 
and others, 1969) and the boiling-point curve for 
pure water at sea level (Haas, 1971), one can cal- 
culate incrementally that the heat contained in the 
geothermal system at temperatures less than 260°C 
(that is, at depths shallower than 0.5518 km) is 
6.3 < 10** cal km-2. The heat stored at 260°C from 
0.5518 to 3.0 km is 34.0 X 107° cal km~—?. Therefore, 
the total heat in the geothermal system above 15°C 
is approximately 40.3 x 101° cal km~—?. 

The amount of heat remaining after exploitation 
perhaps can be approximated by assuming that the 
geothermal system drops to a base temperature of 
180°C; the calculations are similar to those just 
shown. The heat withdrawn during exploitation is 
then the difference between the heat at the initial 
state (40.3 x 10'® cal km~?) and the heat at the 
final (depleted) state (28.5 x 101° cal km~—?), or 
11.8 « 10'* cal km—?. This figure is undoubtedly too 
high, perhaps by a factor of 2, owing to inefficient 
extraction because of impermeable rock, insufficient 
number of drill holes, and drilling spacing that is 
not optimum. Therefore, the heat actually delivered 
to the surface wells will be approximately 5.9 x 
10** cal km~-2, about 15 percent of the heat actually 
stored in the initial geothermal system above 15°C. 
Taking into account the 14.38 percent thermal effi- 
ciency of generation and the heat wasted in hot 
water (41 percent), we find that only 1 percent of 
the heat contained in this hot-water geothermal 
system can be converted into electricity. 

The amount of heat and water recharge assumed 
to enter the system from greater depths should also 
be specified in the estimation of the geothermal 
resources or reserves of any area. Calculations such 
as the above do not take into account the possibility 
of recharge, and therefore give only a minimum 
figure for the heat that may ultimately be derived 
from a geothermal system. At Wairakei, New Zea- 
land, recharge is significant. Hunt (1970), using 
precise gravity and leveling techniques at various 
times during exploitation of the field, has shown 
that about 20 percent of the water drawn off from 
the Wairakei field from 1961 to 1967 was replaced 
by recharge. Although recharge is clearly a signifi- 
cant factor in geothermal reserve estimations, its 
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quantitative importance cannot be evaluated without 
making some estimate of the rate of exploitation of 
the reservoir. If exploitation is very rapid, recharge 
will have little significance, but if exploitation is 
very slow, recharge will be significant; thus, estab- 
lishment of a steady balance between extraction and 
recharge (both heat and water) may permit the 
geothermal system to be exploited indefinitely. 

The geothermal resources of the world, therefore, 
lie somewhere between 210'° cal (White’s 1965 
estimate of potential reserves to 3 km recoverable 
as equivalent electrical energy using present tech- 
nology) and 5-10<10?° cal (calculated from Rex, 
1972a). Of these geothermal resources, perhaps 
5-10 percent are in the United States (White, 1965). 
The differences among the various resource esti- 
mates will not be resolved until there is (a) better 
knowledge of the distribution of geothermal energy 
in the earth’s crust, (b) clarification of the tech- 
nological limitations upon geothermal resource ex- 
ploitation, and (c) definition of uses. 


PROSPECTING TECHNIQUES 


The first step in reconnaissance geothermal ex- 
ploration involves outlining broad regions where 
the heat flow is significantly greater than 1.5x10-° 
cal em-2 sec—! (for example, Sass and others, 
1971). Most of these regions of high heat flow are 
in zones of young volcanism and tectonic activity, 
and most are characterized by abundant hot springs. 

Techniques for identifying potentially economic 
concentrations of geothermal energy within broad 
regions of high heat flow are not well developed. 
Important considerations include distribution of hot 
springs, evaluation of volcanological and tectonic 
setting, and chemical analysis of hot-spring fluids. 
In particular, the content of silica (Fournier and 
Rowe, 1966) and the ratios of sodium, potassium, 
and calcium (Fournier and Truesdell, 1973) provide 
information about the minimum subsurface tem- 
perature to be expected. 

Several geophysical techniques have proved useful 
in the final delineation of geothermal targets (Combs 
and Muffler, 1973; Banwell, in press). Of these 
techniques, perhaps the most unambiguous is the 
direct measurement of temperature gradients at 
depths of 25-100 meters (Combs, 1971; Burgassi 
and others, 1970). Temperature measurements at 
shallower depths, however, can be very misleading, 
owing primarily to the effects of seasonal changes 
in temperature and to the shallow movement of 
ground water (Banwell, in press). Thermal infra- 
red surveys detect surface temperature anomalies, 
but these anomalies can be caused by many factors 
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other than geothermal heat flow (Banwell, in press; 
Watson and others, 1971). 

Several techniques that measure the electrical 
conductivity at depth have had great success in geo- 
thermal exploration. The conductivity at depth 
varies directly with temperature, porosity, salinity 
of interstitial fluid, and content of clays and zeo- 
lites. All these factors tend to be higher within 
good geothermal reservoirs than in the surrounding 
ground, and consequently the electrical conductiv- 
ity in these geothermal reservoirs is relatively high. 
Electrical conductivity at depth can be measured 
by electrical (galvanic) or electromagnetic (induc- 
tive) methods. Among the electrical techniques, only 
direct-current methods are reliable, owing to skin 
effects attendant to alternating-current methods; 
direct-current electrical arrays commonly used are 
Wenner, Schlumberger, and dipole-bipole (Banwell 
and Macdonald, 1965; Hatherton and others, 1966; 
Risk and others, 1970; Macdonald and Muffler, 
1972; Zohdy and others, 1973). Electromagnetic 
methods (audiofrequency magnetotellurics, electro- 
magnetic coil surveys, and loop-loop or wire-loop 
induction surveys) have certain theoretical advan- 
tages (Keller, 1970; Harthill, 1971) and are becom- 
ing more widely used. 

Passive seismic methods are proving of use in 
locating fractured and permeable zones in geother- 
mal areas. Microearthquakes at relatively shallow 
focal depths are concentrated along fracture or fault 
zones in many geothermal areas (Ward, 1972; Ward 
and Bjérnsson, 1971; Hamilton and Muffler, 1972). 
In addition, some geothermal areas appear to have 
a high level of seismic ground noise (Whiteford, 
1970); analysis of the areal distribution of this 
noise may outline prospective zones of geothermal 
production (Goforth and others, 1972). 

Several other geophysical techniques have proved 
useful in special circumstances. Gravity surveys 
may in some areas define positive anomalies that 
are caused by alteration or metamorphism of sub- 
surface rock (Hochstein and Hunt, 1970; Biehler, 
1971), but in other areas they may define a nega- 
tive anomaly that may represent an intrusive mass 
at depth (Calif. Div. Mines and Geology, 1966). 
Magnetic surveys in some areas define negative 
anomalies that are caused by alteration of magne- 
tite to pyrite (Studt, 1964), but in other areas they 
define positive magnetic anomalies that are caused 
by intrusions of magnetic igneous rock (Griscom 
and Muffler, 1971). Active (explosion) seismology 
is useful in defining subsurface geologic structure 
(Hochstein and Hunt, 1970; Hayakawa, 1970), and 
analysis of seismic attenuation across geothermal 
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areas may someday become useful in geothermal 
exploration (Hochstein and Hunt, 1970). 
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UNITED STATES MINERAL RESOURCES 


GOLD 


By Frank S. Simons and WILLIAM C. PRINZ 
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ABSTRACT OF CONCLUSIONS 


Most of the world’s gold reserves, estimated at 1 billion 
ounces, are in South Africa, and that country will continue 
to produce two-thirds of the world’s gold for many years. 
The U.S.S.R. is thought to have a large part of the re- 


mainder, and no other country has more than a few percent 
of the reserves. Official world gold currency reserves are 
about 1.3 billion ounces, and a somewhat smaller amount is 
hoarded; both reserves and hoards may become sources of 
industrial gold, the first by government decision, the second 
by a sufficient rise in the price of gold. 

United States nonmonetary consumption of gold has been 
three to four times domestic production for several years, 
and the United States is unlikely to become self-sufficient in 
gold in the foreseeable future. United States gold reserves 
of a few tens of millions of ounces are mainly in the Home- 
stake (S. Dak.) and Carlin and Cortez (Nev.) gold deposits 
and in copper deposits, such as Bingham, Utah, which pro- 
duce byproduct gold. U.S. gold resources are large but in 
general very low grade, and most placer deposits pose in- 
surmountable technologic problems at present. Deposits as 
yet undiscovered that are most likely to provide new gold 
production are those of disseminated gold, similar to Carlin 
and Cortez, which were overlooked in early prospecting. 


INTRODUCTION 


Gold is a yellow metal that has a density of 19.3 
grams per cubic centimeter (nearly twice that of 
lead and exceeded only by some of the platinum 
metals and rhenium) and that is soft, very malleable 
and easily shaped, and highly resistant to corrosion 
and tarnish. Because of its workability, beauty, dura- 
bility, and common occurrence as native metal, gold 
was one of the first metals used by man. Over the 
centuries it has been a principal medium of interna- 
tional monetary exchange, and its physical proper- 
ties have made it prized for jewelry and other adorn- 
ments. Gold has traditionally been equated with 
wealth, and the lore of lost gold mines and hidden 
pirate hoards cannot be matched by that of any 
other commodity. Even today gold is sought by the 
weekend prospector in the hope of striking it rich, 
as a very few of his predecessors did a century ago. 

Gold is known to have been mined in substantial 
amounts for at least 6,000 years, probably first in 
Egypt, where gold objects appeared as early as 4,000 
B.C. (Sutherland, 1960, p. 25). Various estimates of 
the amount of gold mined since the discovery of 
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America converge at about 2.5 billion ounces (see 
table 50 for weights and measure) (Wise, 1964, p. 


TABLE 50.—Equivalent weights and measures for gold 


[All data in this report are in Troy ounces or metric units, 
such as grams or tons. g, grams; dwt, pennyweights; oz, 
ounces; ppm, parts per million; ppb, parts per billion] 


WEIGHTS AND MEASURES 


Weight or measure Equivalent 
ie Troy (ounce! ====---——— == 31.1 ¢ 
20 dwt 
W&metric: ton. ==2-2242. =.) eee 10° ¢g 
32,150 oz 
1.1 short ton 
J} ppm: ==. --. 1 g per ton 
0.032 oz per ton 
I ppb) s2s2.ce se sec esse a es 0.001 g per ton 
PRICES 
Price per ounce Value of 1 g 
S30 ie oo Se es ee ee $1.12 
L1G ee re 1.29 
A a en a ee eee 1.45 
EYRE Ne eed LN eee Sane a eet RTE. i)8 1.61 
NO). 2222222=—5.3 Bee Bee eee Se 2.24 
TG) ee ee ee eee 3.22 


9; Green, 1968, p. 14; Kavanagh, 1968, p. 553; Park, 
1968, p. 121; Ageton, 1970, p. 574), and a reasonable 
guess about earlier production leads to an estimated 
total production through world history of about 3 
billion ounces (Kavanagh, 1968, p. 553). Because of 
its indestructibility, intrinsic value, and appeal, gold 
endures. Some undoubtedly was lost in sunken ships, 
some has been entombed with its owners, and some 
was hidden by people long dead, but a very large 
part of all that was ever produced probably can be 
accounted for. Official monetary reserves are about 
1.3 billion ounces (U.S. News & World Report, 1972, 
p. 21). The difference between this amount and the 
estimated world total production is about 1.7 billion 
ounces; this figure, less whatever gold has been 
irretrievably lost, gives an order of magnitude for 
the quantity of gold in jewelry, coin collections, mu- 
seums, church adornments, electronic equipment, 
capitol domes, teeth, and, above all, hoards in the 
form of bars or coins. The amount is enormous, but 
some perspective may be gained from the realization 
that during 1966-68 alone, all newly mined gold, 
about 120 million ounces exclusive of the U.S.S.R., 
plus about 66 million ounces from non-Communist 
official reserves—that is, a total of 186 million 
ounces—passed into private holdings (Hoyt, 1971, p. 
522, 588). Between 1941 and 1968, an estimated 550 
million ounces of gold came under private control 
(Busschau, 1967, p. 21; Park, 1968, p. 114). Park 
(1968, p. 121-122) estimated that nearly 550 mil- 
lion ounces of gold are held in hoards alone. By way 
of contrast, U.S. monetary reserves of gold at the 
end of 1971 totaled only 291.6 million ounces (U.S. 
Dept. Interior, 1972, app. 1, p. 103). 
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USES 


Gold has traditionally been the principal medium 
of international monetary exchange, but its role has 
undergone profound change in recent years. From 
1934 to 1972 the United States maintained full con- 
vertibility of the dollar to gold at a fixed rate of $35 
per ounce. Increasing balance-of-payments deficits 
starting after World War II, and rising industrial 
consumption of gold, caused a steady drain on U.S. 
monetary reserves of gold. In March 1968, agree- 
ment was reached among seven major monetary 
nations (Belgium, Great Britain, Italy, Netherlands, 
Switzerland, United States, and West Germany) to 
discontinue open-market buying or selling of gold 
but to continue intergovernment transactions at the 
same price of $35 per ounce. As a result of this 
agreement, the U.S. Treasury stopped selling gold 
for industrial use, thus slowing down the drain on 
official reserves. However, the balance-of-payments 
deficits continued, and on August 16, 1971, the U.S. 
Government suspended convertibility. On December 
18, 1971, the Group of Ten nations (the same coun- 
tries as above, less Switzerland and plus Canada, 
France, Japan, and Sweden) agreed to raise the 
official price of gold to $38 per ounce, and this agree- 
ment was signed by the President of the United 
States on April 3, 1972. After establishment of a 
free market for gold in 1968, the price fluctuated be- 
tween $35 and $45 per ounce until early 1972, when 
the price started to rise sharply, and it reached $70 
per ounce in early August 1972. These events are 
certain to have a significant effect on the future 
monetary role of gold, but their full impact cannot 
be predicted at this time. 

Gold has a long history of use in the manufacture 
of jewelry and related articles and in dentistry, and 
more recently it has achieved wide industrial use, 
particularly in the electronics and computer indus- 
tries. U.S. consumption of gold in industry and the 
arts has been 6-7 million ounces annually during 
1967-72, and in 1971 it was distributed as follows: 
jewelry and arts, 60 percent; dentistry, 11 percent; 
industry, 29 percent (U.S. Bur. Mines, 1972, p. 60). 
All these nonmonetary uses of gold are rising steadi- 
ly—in the arts and dentistry because of population 
growth and increasing affluence, and in industry for 
fabrication of semiconductors, printed circuits, con- 
nectors, and other microcomponents for computer 
and space application. Nonmonetary use of gold in 
the rest of the world is estimated at three to four 
times that of the United States, but distribution of 
consumption among various uses is not accurately 
known. 
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Gold has no entirely suitable substitute for any of 
its major uses. Platinum is a substitute in jewelry 
but is more costly and lacks the color and appeal of 
gold; silver is not sufficiently tarnish resistant. Vari- 
ous stainless alloys are usable in dentistry but are 
more difficult to fabricate. Silver can be substituted 
in many electronics applications but is much less cor- 
rosion resistant and somewhat less ductile. Never- 
theless, gold can be replaced or its use deferred in 
all its main areas of utilization, and in this sense it 
is not as vital an industrial commodity as, for in- 
stance, copper. 


EXPLOITATION 


World gold production is dominated by a single 
country, the Republic of South Africa (fig. 29). 
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FicguRE 29.—World gold production, 1890-1970. Data for 
U.S.S.R. are from U.S. sources; production since 1936 is 
estimated. Estimates from European and South African 
sources for annual production of U.S.S.R. since about 1945 
are higher than those shown and range from 7 to 10 mil- 
lion ounces or more. 


South Africa has produced about 37 percent of the 
estimated 2.5 billion ounces of gold mined since the 
discovery of America, and in the last decade it has 
annually produced about two-thirds of the world 
total output. Current production from that country 
is about 31 million ounces of gold annually. By con- 
trast, only three other countries produced more than 
a million ounces in 1970: the U.S.S.R., 6.5 million 
ounces (estimated) ; Canada, 2.3 million ounces; and 
the United States, 1.8 million ounces. Other coun- 
tries that produce more than 100,000 ounces of gold 
annually are, in approximate decreasing order of 
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output, Australia, Ghana, Philippines, Rhodesia, 
Japan, Colombia, Nicaragua, Brazil, Mexico, Zaire, 
Peru, India, and Fiji Islands. 

Gold production of the Communist nations can 
only be estimated because figures are not released 
by them; Russian production, for instance, has not 
been officially reported since 1936. The U.S.S.R. is 
known to be a major gold producer, and for much of 
the 19th century it led the world in gold output. 
From the discovery of America until 1970, produc- 
tion from the U.S.S.R. is estimated between 290 and 
350 million ounces, approximately the same as that 
of the United States (315 million oz) (Emmons, 
1937, p. 329; U.S. Bur. Mines, 1932-71; Busschau, 
1967, p. 21). North Korea is estimated to produce 
160,000 ounces annually, and mainland China, 
50,000-60,000 ounces annually. Bulgaria, Czechoslo- 
vakia, Hungary, and Rumania are minor producers. 

U.S. estimates of annual U.S.S.R. gold production 
made from 1940 to 1963 showed a gradual increase 
from about 4 million ounces in the early 1940’s to a 
high of 12.5 million ounces in 1963. In 1964 these 
estimates were drastically revised downward to a 
low of 3.2 million ounces in 1943 and a high of only 
4.4 million ounces in 1963 (U.S. Bur. Mines, 1965, 
p. 580-531; Green, 1968, p. 75-76). Production from 
the U.S.S.R. during 1967-72 has been estimated by 
the U.S. Bureau of Mines at 5-7 million ounces 
annually, and some other estimates have been as 
much as 50 percent higher. Russian sales of gold 
ranged from 2 to 16 million ounces annually during 
1950-65, and in the period 1963-65 they averaged 
more than 14 million ounces per year (Busschau, 
1967, p. 21). From 1966 to 1970, very little gold 
was sold by Russia, but gold sales were resumed in 
1971. 

U.S. gold production for the last 25 years has gen- 
erally been 1.5—2 million ounces annually (fig. 30). 
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FIGURE 30.—U.S. gold production, 1930—70—from lode, placer, 
and byproduct sources—and U.S. gold consumption, 1951-70. 
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About 60 percent of current U.S. production comes 
from lode deposits, and 40 percent is a byproduct 
from the refining of other metals, principally cop- 
per. Placer deposits, once a major source of gold in 
the United States, are now only a very minor source. 

In recent years, consumption of gold in the United 
States has been three to four times domestic produc- 
tion of new gold. The difference between the amount 
consumed and the amount produced is made up by 
reclaimed scrap gold (2.3-3 million oz annually (U. 
S. Bur. Mines, 1972, p. 60)), by releases from U.S. 
Treasury stocks (until 1968), and by imports, main- 
ly from Canada. The United States thus is far from 
being self-sufficient in gold, and it is unlikely to be- 
come so in the foreseeable future. 


GEOLOGIC ENVIRONMENT 
GEOCHEMISTRY 


Gold is a rare element—at least 70 of the naturally 
occurring elements are more abundant, most of them 
at least an order of magnitude more abundant, than 
gold (Rankama and Sahama, 1950, p. 39-40; Mason, 
1966, p. 45-46; Krauskopf, 1967, p. 639-640; Lee 
and Yao, 1970, p. 782). 

Estimates of abundance of gold in the earth’s 
crust made during the last 50 years range from 
0.001 ppm (parts per million) to 0.006 ppm; as 
analytical methods have improved, earlier estimates 
have been reduced. A reasonable estimate of crustal 
abundance based on modern analyses is 0.003—0.004 
ppm, or about 1 g (gram) per 300 metric tons 
(Jones, 1968, p. 3; Lee and Yao, 1970, p. 782). Gold 
is more abundant in mafic than in felsic igneous 
rocks (Gottfried and others, 1972, p. 8, 21) and 
apparently is somewhat more abundant in sedimen- 
tary than in igneous rocks and in sandstone than in 
other sedimentary rocks, although data are sparse 
(Jones, 1969). 

Gold is much more abundant in the iron-rich me- 
teorites than in rocks of the earth’s crust, as shown 
by the following data from Jones (1968, p. 1-3). The 
iron meteorites, or siderites, contain as much as 8 
ppm gold, but the average ranges from 0.67 to 1.3 
ppm, or 150-300 times as much as the earth’s crust. 
The siderolites, or stony iron meteorites, contain 
about the same amount of gold as the siderites. The 
chondritic stony meteorites contain 0.15-0.27 ppm 
gold, 40-70 times as much as crustal rocks, whereas 
achondritic meteorites have about the same gold 
content as the earth’s crust. The earth’s core is be- 
lieved to be chemically similar to the iron meteor- 
ites, and the earth’s mantle, similar to the chondritic 
stony meteorites; so most of the earth’s gold is 


UNITED STATES MINERAL RESOURCES 


probably locked up below the earth’s crust. How- 
ever, rocks that are believed to have been part of 
the mantle and that are now exposed at the earth’s 
surface do not show notable enrichment in gold; the 
most iron rich of these, the dunites, contain only 
about twice the average gold content of the crust 
(Jones, 1969, p. 15, tables 4, 5). 

The abundance of gold in the oceans appears to 
vary appreciably from ocean to ocean and within a 
given ocean; two recent estimates of average gold 
content are 0.011 ppb (part per billion) (1 g per 
90,000 tons of sea water) (Rosenbaum and others, 
1969) and 0.05 ppb (1 g per 20,000 tons of sea 
water) (Jones, 1970, p. 1-3). 

Bedrock deposits of gold that have been mined 
profitably have contained gold in amounts ranging 
from 0.05 to 1 ounce or more per ton, but the average 
gold content appears to be in the range of 0.3-0.5 
ounce per ton. Ore being mined at present at the 
three largest gold mines in the United States (Home- 
stake, S. Dak.; Carlin and Cortez, Nev.) averages 
about 0.3 ounce per ton, or about 10 ppm. This gold 
content represents a concentration of 2,500-3,000 
times the average crustal abundance. This ratio of 
concentration, which is in a very general way a 
measure of the likelihood of occurrence of an eco- 
nomic concentration of an element (the higher the 
ratio of concentration, the less the likelihood that 
concentrations of the requisite size and grade will be 
formed), is one of the highest needed to produce an 
economic mineral deposit. 

In ore deposits, gold is commonly associated with 
pyrite and sulfide minerals of silver and copper even 
though it does not form a separate sulfide mineral. 
All gold ores contain some silver, many ores that are 
predominantly of silver contain appreciable quanti- 
ties of gold, and copper ores produce the bulk of by- 
product gold. 

Gold deposits are found in so great a variety of 
rocks as to almost preclude generalizations about 
association of gold with particular rock types. Never- 
theless, gold deposits occur more commonly with 
felsic or intermediate igneous rocks than with mafic 
or ultramafic types, and more commonly in siliceous 
or aluminous sedimentary or metamorphic types 
than in carbonate rocks (however, the host rock at 
the recently discovered Carlin and Cortez gold de- 
posits in Nevada is a silty dolomitic limestone). 

Gold is extremely inert in natural environments 
at the earth’s surface, and during weathering and 
decomposition of rocks it is little affected. Thus, it 
may be residually concentrated at the weathering 
site or transported in the native state and concen- 
trated locally along with other highly resistant min- 
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erals in placer deposits. Gold is soluble in hydro- 
chloric acid in the presence of manganese dioxide 
but is appreciably so only at concentrations of acid 
so high as to occur only rarely in nature (Kraus- 
kopf, 1967, p. 523-526). 


MINERALOGY 


Gold occurs mainly as native metal, always alloyed 
with variable amounts of silver and other metals, 
mainly copper and iron. Other than native gold, the 
only important gold minerals are the tellurides, com- 
posed of gold or gold plus silver, copper, or lead com- 
bined with tellurium; calaverite (AuTe.) and syl- 
vanite ({Au,Ag]Te.) are the most common of these 
minerals. Other gold minerals are rare. Gold also 
occurs in small amounts in many minerals, generally 
less than 5 ppm in sulfide minerals, and less than 1 
ppm in other minerals; however, as much as 500 
ppm has been reported from sphalerite (zinc sul- 
fide) (Jones and Fleischer, 1969, p. 11). 


TYPES OF GOLD DEPOSITS 


Gold occurs in many and varied geologic environ- 
ments, which are grouped into seven broad cate- 
gories in this report. 

Historically, the most productive general types of 
deposits have been gold-quartz lodes and a subcate- 
gory of these, the epithermal (‘bonanza’) deposits 
(mainly in the North American Cordilleran region) ; 
geologically young placers; and ancient (fossil) 
placers. Other types are marine placers; bedrock 
deposits of disseminated gold, a type represented by 
several recent discoveries in Nevada; and deposits of 
other metals or minerals which produce gold only as 
a byproduct (Internat. Geol. Cong., 1930; Lindgren, 
1983; Emmons, 1937; Cooke, 1946; Canadian Inst. 
Mining and Metall., 1948; Bateman, 1950; Common- 
wealth Mining and Metall. Cong., 6th, 1957; Com- 
monwealth Mining and Metall. Cong., 8th, 1965; De 
Kun, 1965; Koschmann and Bergendahl, 1968; Cana- 
da Geol. Survey, 1970; Park and MacDiarmid, 1970; 
Roberts and others, 1971). 


GOLD-QUARTZ LODES 


Examples of gold-quartz lodes are Mother Lode— 
Grass Valley, Calif.; Homestake, S. Dak.; Central 
City, Colo.; Alaska Juneau—Treadwell, Alaska; Por- 
cupine and Kirkland Lake—Larder Lake, Ontario, 
Canada; Morro Velho, Minas Gerais, Brazil; Kolar, 
Mysore, India; Kalgoorlie, Western Australia; Ben- 
digo-Ballarat, Victoria, Australia; Ashanti, Ghana; 
the Bulawayo and Hartley belts, Rhodesia; and the 
Kilo and Moto districts, Zaire. This category com- 
prises a wide variety of deposits, but these are essen- 
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tially hydrothermal veins of quartz and gold that 
either replace wallrock (Homestake) or fill open 
spaces along fracture zones (Mother Lode). They 
were formed at great depths below the earth’s sur- 
face and persist to depths of thousands of feet below 
the present surface, and most of them are enclosed 
in Precambrian rocks and are of Precambrian age. 
Alteration of wallrocks ranges from slight (Home- 
stake) to widespread and pervasive (Alaska Ju- 
neau). The gold content of ores mined ranges from 
about 0.3 to about 0.6 ounce per ton; only rarely has 
much ore containing more than 0.6 ounce per ton 
been found, and conversely in only a few mines has 
ore containing as little as 0.1 ounce per ton been 
mined profitably. 

The size of the gold-quartz lodes varies greatly, 
and data on individual deposits or mines are difficult 
to obtain for many of the great gold-mining dis- 
tricts. Many mines have produced at least 1 million 
ounces (North Star and Empire mines, Grass Valley, 
Calif.) ; an appreciable number have yielded 2-5 
million ounces (Alaska Juneau; Brownhill-Oroya 
and probably several other mines at Kalgoorlie, as 
well as at Bendigo and Ballarat, Australia) ; a few 
have produced 5—20 million ounces (Hollinger, McIn- 
tyre, and Dome mines, Porcupine, Ontario; Kirkland 
Lake zone, including the Lake Shore and other mines, 
Kirkland Lake, Ontario; Kerr-Addison mine at 
Larder Lake, Ontario; Morro Velho, Brazil) ; and at 
least two have produced more than 20 million ounces 
(Homestake, S. Dak., and Kolar, India). Homestake 
is the most productive lode gold mine in the world 
and has a total production of about 30 million ounces 
since its discovery in 1876. It is of interest to note, 
however, that the total output of the Homestake 
mine is about equal to 1 year’s production at present 
rates from the Witwatersrand district (fossil plac- 
er) of South Africa. 

The percentage of world gold production attribut- 
able to these deposits is difficult to estimate. Most of 
their production probably has come during the 20th 
century, although some of them, particularly the 
California deposits, were mined before 1900, and a 
few, such as Kolar, India, may have been worked 
2,000 years ago or more. These lode deposits have 
accounted for perhaps 25 percent of the world’s gold 
production since 1900, and in 1969 they yielded 20- 
25 percent of the world output. They have produced 
about 25-30 percent of all the gold mined in the 
United States, and since 1950 they have produced 
nearly one-half of the U.S. gold output. 

Their future importance appears easier to assess. 
Production from these deposits is fairly steady in 
the United States, Brazil, and India; is decreasing in 
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Canada and Australia; and does not appear to be 
rising appreciably in any country. Although several 
new mines opened in Canada during the last 10 
years, and other new deposits are likely to be found 
there and elsewhere, the general trend of output is 
downward. 

All the examples cited except Alaska Juneau— 
Treadwell, Mother Lode—Grass Valley, and Bendigo- 
Ballarat are in Precambrian rocks, mainly metamor- 
phosed volcanic and sedimentary rocks of the green- 
stone-granite association, and many of the Siberian 
lode gold deposits are also in Precambrian rocks. 
Precambrian terrane appears to be favorable for this 
type of gold deposit, and it is likely that most new 
finds will be in areas of Precambrian rocks, such as 
the Canadian, Brazil-Guyanan, and African-Arabian 
shields. 


EPITHERMAL (“BONANZA”) DEPOSITS 


Examples of the “bonanza” deposits of the North 
American Cordillera are Goldfield, Virginia City, 
and Tonopah, Nev.; Cripple Creek, Telluride, Silver- 
ton, and Ouray, Colo.; and El Oro, Pachuca, and 
Guanajuato, Mexico. Geologically similar deposits 
occur in Transylvania (Rumania), Nicaragua, the 
Philippines, New Zealand, and Japan. These deposits 
are hydrothermal veins of quartz, carbonate miner- 
als, barite, and fluorite containing gold or gold 
tellurides and variable but commonly large amounts 
of silver relative to gold. They were emplaced mainly 
by filling of open spaces, and most of them are in 
highly altered volcanic rocks of Tertiary age. They 
were formed within a few thousand feet of the pres- 
ent surface and persist to depths of only a few 
thousand feet at most, generally much less. The gold 
content of ore mined is extremely variable; some ore 
at Goldfield contained 20 ounces of gold per ton, but 
most ore in these deposits probably contained 0.5-1 
ounce of gold per ton, somewhat more than the gold- 
quartz lodes. 

The “bonanza” deposits, although they generally 
persist only to relatively shallow depths, may con- 
tain very large amounts of gold and silver. Cripple 
Creek, Colo., produced about 19 million ounces of 
gold, and the Comstock district at Virginia City, 
Nev., produced 8.5 million ounces, as well as more 
than 200 million ounces of silver. Other sizable de- 
posits include Goldfield, Nev. (4.2 million oz) ; Tellu- 
ride, Colo. (4 million oz plus more than 63 million 
oz of silver); Tonopah, Nev. (1.9 million oz plus 
more than 100 million oz of silver) ; Waihi (4 mil- 
lion oz) and Thames (1.5 million oz) in the Hauraki 
region, North Island, New Zealand; and El Oro, 
Mexico (2 million oz). 
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Gold deposits of this general type probably have 
been mined for thousands of years, first in Egypt 
and the Balkans. In the United States their exploita- 
tion dates from around 1860, and from then until 
the 1920’s they were a major source of gold. Four 
deposits alone—Cripple Creek, Virginia City, Gold- 
field, and Telluride—have produced more than one- 
tenth of all United States gold, and from 1860 to 
1920 they accounted for nearly one-fifth of United 
States gold production. 

Very little gold is produced at present from “bo- 
nanza” deposits, and practically none, in the United 
States. Despite much effort in the United States 
during the past half century, no new deposit or sig- 
nificant extension of a known deposit has been dis- 
covered. Inasmuch as these deposits are probably 
the most easily discoverable type of bedrock gold 
deposit, it appears unlikely that they will be a 
significant factor in future gold production. 


YOUNG PLACERS 


Examples of young placers are deposits along the 
American, Feather, and Yuba Rivers in the Sierra 
Nevada of California; along Alder Gulch at Virginia 
City, Mont.; on the Yukon River at Fairbanks, 
Alaska, and on and near the beach at Nome, Alaska; 
at Klondike in the Yukon Territory of Canada; in 
the upper Lena, Yenisey, and Amur Rivers in Si- 
beria; and along the east flank of the Andes Moun- 
tains in Bolivia, Peru, Ecuador, and Colombia. The 
Tertiary placers of the Sierra Nevada and the geo- 
logically similar placers at Ballarat, Australia, as 
well as the Upper Cretaceous to lower Tertiary auri- 
ferous conglomerates of northwestern Wyoming are 
also placed in this group; they are older and more 
consolidated than the typical young placers, but they 
are more similar to the young than to the fossil 
placers. 

The young placer deposits are composed primarily 
of unconsolidated or semiconsolidated sand and 
gravel that contain very small amounts of native 
gold and other heavy minerals. Most are stream 
deposits and occur along present stream valleys or 
on benches or terraces of preexisting streams. Much 
less commonly, they are beach deposits, as at Nome, 
Alaska, or are residual deposits, such as those in 
the saprolite (deeply weathered rock) of the south- 
eastern United States. The deposits contain from a 
few cents to several dollars worth of gold per cubic 
yard (1 cu yd of gravel weighs about 1.5 tons, and 
a very rich placer deposit would thus contain only 
a few grams of gold per ton of gravel). The largest 
placers yielded several million ounces of gold; most 
placers, however, were much smaller. 
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Placer deposits were easy to find and easy to mine; 
consequently they were discovered early and were 
a very important source of gold in the ancient world 
and indeed as late as the 19th century. Their con- 
tribution to total world production cannot be esti- 
mated closely, but it probably is between one-fourth 
and one-third of the total, or somewhere between 
750 million and 1 billion ounces. 

Since the beginning of gold mining in the United 
States, placer deposits have yielded about 114 mil- 
lion ounces of gold, or about 36 percent of all gold 
mined. Of this amount, about 68 million ounces have 
come from the Sierra Nevada placers of California— 
about 53-54 million ounces from young placers and 
14-15 million ounces from Tertiary placers (Merwin, 
1968). Other large U.S. placer deposits include those 
of Fairbanks, Alaska (7.2 million oz), Nome, Alaska 
(3.5 million oz), Virginia City, Mont. (2.5 million 
oz), and Boise Basin, Idaho (2.3 million oz) (Kosch- 
mann and Bergendahl, 1968). 

Production from placer mines has been declining 
for many years, and at present the mines yield sig- 
nificant amounts of gold only in the U.S.S.R. and 
Colombia; they probably account for 5-10 percent of 
the world production. Placer gold production in the 
United States in 1969 was only 25,418 ounces, a little 
more than 1 percent of the total U.S. output. The 
reasons for this decline are varied—ease of discovery 
and exploitation and consequent early exhaustion, 
increasing costs of operations, and, particularly in 
the United States, environmental problems such as 
water pollution and siltation. 

Placer deposits are not expected to be a significant 
factor in future U.S. gold production. The country 
has been so well explored that probably no large 
deposits remain undiscovered. Moreover, regulations 
dealing with stream pollution and water use will 
probably become more stringent rather than less so. 
Both these factors make it most unlikely that the 
current downward trend in placer production will 
be reversed. Worldwide, the situation appears simi- 
lar to that in the United States. In Colombia, placer 
production has been significant, but it has been de- 
clining gradually and was less than 200,000 ounces 
in 1969, or only about half the output of 10 years 
ago. Little is known about production of placer gold 
from the U.S.S.R. in recent years; perhaps 50 per- 
cent of the total production of 290-350 million 
ounces (estimated) has come from placers, but the 
percentage derived from these deposits at present 
is not known. Other formerly productive placers are 
either virtually exhausted (Egypt, Spain, Australia, 
Canada) or are being worked on a much reduced 
scale (Brazil, Peru, Bolivia). 
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ANCIENT (FOSSIL) PLACERS 


Examples of ancient (fossil) placers are the Wit- 
watersrand district, Republic of South Africa; Tar- 
kwa, Ghana; and the Serra de Jacobina, Bahia, Bra- 
zil. These deposits are placers that formed in the 
geologically distant past (all examples are of Pre- 
cambrian age) and have been lithified to conglom- 
erate to become part of the bedrock; they may thus 
be termed “fossil placers” in the same sense as the 
remains of organisms found in rocks are called 
fossils. These conglomerates consist of small well- 
rounded pebbles of quartz embedded in a matrix of 
pyrite and micaceous minerals. In addition, they con- 
tain a large suite of heavy and resistant minerals, 
the most valuable of which are gold, uraninite, and 
platinum-group metals. The conglomerates were laid 
down originally on the earth’s surface, but they 
were buried and are now tilted to varying degrees. 
The individual conglomerate beds generally are only 
a few feet thick but have lateral extents measured 
in miles and are known to reach depths of more 
than 2 miles below the earth’s surface. Their gold 
content ranges from 0.2 to 0.8 ounce per ton; the 
average grade of gold ore milled in the Witwaters- 
rand district between 1893 and 1969 was about 0.35 
ounce per ton (Chamber of Mines of South Africa, 
1969, p. 60), at Tarkwa the ore averages 0.2 ounce 
per ton (De Kun, 1965, p. 91), and at Jacobina the 
gold content of ore mined is about 0.5 ounce per ton 
(Gross, 1968, p. 272). 

Although the Jacobina deposits were mined as 
early as the 17th century, this type of deposit did 
not produce any appreciable part of the world’s gold 
until discovery of the Witwatersrand district in 
1886. Since then this great district has become an 
increasingly important source of gold, and since 
1954 it has produced more than one-half of the 
world’s gold output exclusive of the U.S.S.R. It 
seems safe to say that no other single mining dis- 
trict has dominated the world output of a mineral 
commodity so completely and for so long as the Rand 
has dominated gold production; in 1970, for exam- 
ple, 67 percent of the world’s newly mined gold 
came from Rand mines. 

The future importance of the fossil placer deposits 
can hardly be overestimated. The very large re- 
serves—about 600 million ounces according to sev- 
eral recent estimates (Gold Producers Comm., 
1967(?), p. 41; Kavanagh, 1968, p. 557; U.S. Bur. 
Mines, 1972, p. 61)—of the Witwatersrand indicate 
that the district will continue to be the principal 
source of the world’s gold for many years, even 
though some dire predictions about the life of the 
district, based on a fixed price of $35 per ounce for 
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gold, have been made during the last 5 years (World 
Mining, 1967). No fossil placer gold district even 
approaching the size of the Rand has been discov- 
ered anywhere in the world, but it seems at least 
possible that some of the ancient shield areas— 
Canadian, Brazil-Guyanan, or African-Arabian, in 
particular—may contain other extensive gold-bear- 
ing conglomerates. Indeed, geologically similar ura- 
nium-bearing conglomerates were discovered at Blind 
River (or Elliot Lake), Ontario, Canada, in 1949, but 
these contain only minor amounts of gold (Roscoe, 
1957; Bateman, 1958). No fossil placer deposits have 
been found in the United States, and extensive field- 
work done in recent years indicates that none are 
likely to be exposed at the present surface. 


MARINE PLACERS 

Examples of marine placer deposits that have 
yielded significant production are lacking. Sediment 
on the ocean floor in several parts of the world is 
known to contain small amounts of gold. Most of 
this gold was derived from the land, transported by 
streams to the ocean basins, and deposited with 
clastic sediments on the ocean floor. Some appears 
to have been derived from the reworking of gold- 
bearing rocks and sediments on the sea floor. None 
of these deposits is being mined at present, and the 
only reported production of gold from a marine 
placer is a small amount recovered as a byproduct 
of tin dredging in Malaysia. 

The largest known gold-bearing area on the sea 
floor is in the northern Bering Sea, where concen- 
trations of 30-100 ppb have been found over a very 
broad area including Norton Sound along the south 
edge of Seward Peninsula in Alaska (U.S. Geol. Sur- 
vey, 1968, p. A79; 1969, p. 30). On the continental 
shelf off Oregon and northern California, concentra- 
tions of gold ranging from 10 to 390 ppb have been 
found in several areas (Moore and Silver, 1968). 
These deposits are believed to have formed at or 
near sea level during a lower stand of the sea. 

Marine placer deposits of tin are exploited on a 
large scale in Malaysia, Thailand, and Indonesia, but 
these placers contain only negligible amounts of 
gold; a small production of gold is reported from 
West Malaysia. Beach sand deposits of the titanium 
minerals ilmenite and rutile in Australia, and simi- 
lar deposits of ilmenite in Ceylon, also are mined 
on a large scale, but these apparently contain no 
recoverable gold. 

The future importance of marine gold placers such 
as those of the Bering Sea is difficult to assess but 
would appear to be minor. The volume of material 
available is large, but the gold content is very low, 
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and operating conditions are severe. 


DEPOSITS OF DISSEMINATED GOLD 

Examples of deposits of gold disseminated in bed- 
rock are Carlin (Hardie, 1966), Cortez (Wells and 
others, 1969), Getchell (Erickson and others, 1964), 
and Gold Acres (Wrucke and others, 1968), all in 
Nevada (Roberts and others, 1971). These appear to 
be a new major type of gold occurrence, although 
deposits geologically somewhat similar to them have 
long been known, such as Mercur, Utah (Butler, and 
others, 1920, p. 382-395), and Bald Mountain, Dead- 
wood, and others, South Dakota (Irving, 1904, p. 
111-162; Connolly and O’Harra, 1929, p. 142-171). 
All these deposits were brought into production 
after 1935, and Cortez was discovered in 1966. The 
deposits consist of very fine grained gold (0.01-10 
microns, or 0.00001—0.010 mm) disseminated in silty 
and carbonaceous dolomitic limestone; at both Car- 
lin and Cortez the host rock is of Silurian age. Gold 
is accompanied by silica, a little pyrite and other 
sulfide minerals, and barite. The ore was formed by 
hydrothermal replacement of the host rock. It con- 
tains about 0.3 ounce of gold per ton and very little 
silver, generally less than 10 percent of the amount 
of gold, as well as a characteristic suite of trace 
elements—arsenic, antimony, mercury, and, less 
commonly, tungsten. Some of the deposits are of 
Tertiary age, and others may be slightly older; the 
Carlin deposit has not been dated closely but pre- 
sumably is within the same age range. 

Because only a few deposits of disseminated gold 
have been discovered, little is known about the 
amount of gold this type of deposit may contain. 
Both the Carlin and the Cortez deposits contain more 
than 1 million ounces of gold, and the Getchell mine 
has yielded nearly 0.5 million ounces. 

These deposits have produced only a tiny fraction 
of U.S. or world gold; from 1936 to 1969, they 
yielded slightly more than 2 million ounces, less than 
38 percent of U.S. production during that period. 
However, they have become an increasingly impor- 
tant contributor to United States output, and in 
1969 the Carlin and Cortez mines alone accounted 
for about 22 percent of U.S. production. 

The future importance of this type of deposit is 
difficult to assess on a worldwide basis, but for the 
United States it is likely to be great. Because of the 
very fine grained nature of their gold, these deposits 
went largely unrecognized during the great wave of 
prospecting in the last half of the 19th century and 
the early 20th century, and the deposits that were 
discovered were too low grade to be attractive. The 
discovery of two major deposits, Carlin and Cortez, 
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in the 1960’s encourages belief in the existence of 
other unrecognized deposits. The geologic environ- 
ment of these deposits is still not completely under- 
stood but is the subject of much current research; 
for instance, the geochemical similarity between 
these deposits and certain modern hot-spring depos- 
its in New Zealand that contain as much as 85 ppm 
gold and 500 ppm silver has been noted recently by 
Weissberg (1969). Enough is known, however, to 
indicate that very large areas underlain by favor- 
able host rocks remain untested; the most likely 
area for further discoveries is the Antler orogenic 
belt in central Nevada and its inferred extension in 
southern Idaho north of the Snake River Plain 
(Roberts, 1960, 1966). 


BYPRODUCT GOLD 


Gold is a common minor constituent of base-metal 
ores and may be recovered when these ores are 
smelted and refined. Such ores, although data on 
their gold content are very sparse, appear to contain 
0.001—0.025 ounce per ton (0.04—0.9 ppm). Despite 
the very low gold content, gold production from 
these deposits is significant because of the large 
tonnages mined each year. Currently, byproduct 
gold accounts for 40 percent of the total United 
States gold output, and 19 of the 25 largest gold- 
producing mines in the United States yield gold only 
as a byproduct (Hoyt, 1971, p. 533). Of the byprod- 
uct production, 80 percent is from copper ore, and 
the rest is principally from complex ores of lead, 
zinc, and copper. Salt Lake County, Utah, which 
contains the large open-pit copper mine at Bingham, 
yielded more than half of the byproduct gold pro- 
duced in the United States in 1969. 

Precise figures on the worldwide production of by- 
product gold are not available, but this source prob- 
ably accounts for 5-10 percent of the total world 
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output. Byproduct gold constitutes a significant 
part—15 percent or more—of the production from 
several major gold-producing countries, including 
Australia, Canada, Japan, Nicaragua, Peru, and the 
Philippines. 

In recent years, byproduct gold has been a steady 
source of supply in the United States, and it is 
expected to continue to be so into the future. Any 
change in production will be controlled largely by 
output of copper and, to a lesser extent, of lead and 
zine. Changes in the price of gold will have a negli- 
gible effect on production from this source. Similar 
considerations apply to byproduct gold output in the 
rest of the world. 


RESERVES AND RESOURCES 


Many estimates of U.S. and world reserves and 
resources of gold have been made, and a few are 
given in table 51. World reserves of gold total about 
1 billion ounces, of which 60 percent is in South 
Africa. At the present rate of production, world re- 
serves would be exhausted in 20-25 years. U.S. gold 
reserves are 50-80 million ounces, about half of 
which are in byproduct ores. The remainder are 
mostly in disseminated and lode deposits. 

In addition to reserves of gold in the ground, 
large amounts are held by governments and banks 
as official reserves and by speculators and other 
private holders. Government and bank holdings total 
1.3 billion ounces, of which about 292 million ounces 
was in the U.S. Treasury at the end of 1971. The 
quantity of gold in the hands of speculators and 
others, although difficult to estimate, is probably of 
the order of 1 billion ounces. Clearly, the reserves 
of gold already mined are considerably larger than 
those of unmined gold. 

The U.S. gold resources shown in table 51 are 
mostly conditional resources. Hypothetical and 


TABLE 51.—Reserves! and potential resources’® of gold (in millions of ounces) in the world as estimated in several sources 
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1 Reserves: Identified deposits from which minerals can be ex- 
tracted profitably with existing technology and under present economic 
conditions. 

2 Potential resources: Identified mineral deposits not profitably re- 
coverable with existing technology and economic conditions, and undis- 
covered mineral deposits whether of recoverable or subeconomic grade. 

8A, U.S. Bur. Mines (1967, p. 5); B . Geol. Survey (1968, p. 


A13); C, Ageton (1970, p. 577); and D, U.S. Bur. Mines (1972, p. 61). 

4 Exclusive of byproduct gold. 

5 Producible at $35 per ounce. 

8 Producible at 1968 price—about $40 per ounce. Includes 30 million 
ounces of byproduct gold. 

7 Producible at prices up to $145 per ounce. Includes 30 million ounces 
of byproduct gold. 
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speculative resources cannot be estimated as accu- 
rately as reserves, but these resources are probably 
large compared with current U.S. gold production 
or consumption but small compared with total world 
reserves. The largest potential resources of gold in 
the United States are in Tertiary or Cretaceous 
placer deposits or auriferous conglomerates, fol- 
lowed in decreasing order of magnitude by dissemi- 
nated, lode, “bonanza,” and other placer deposits. 

The Tertiary-Cretaceous placer deposits of the 
United States represent a very large resource of 
gold, but at the present time they are not economic 
to mine. The auriferous conglomerates of north- 
western Wyoming contain 35-200 ppb gold in a 
volume exceeding 50 cubic miles, and they probably 
contain several hundred million ounces of gold (6— 
10 yr production from the Witwatersrand) (Ant- 
weiler and Love, 1967). The Tertiary placers of the 
Sierra Nevada have an estimated 3-4 billion cubic 
yards of gravel containing 20-30 million ounces of 
gold (Merwin, 1968, p. 2). In both areas, formidable 
and, for the foreseeable future, probably insurmount- 
able technologie and legal problems militate against 
utilization of these resources. 

Deposits of disseminated gold—the so-called 
Carlin-type deposits—probably contain the second 
largest domestic resources of gold and almost cer- 
tainly the largest undiscovered resources of grade 
high enough to be mined at the present price of 
gold or even at a substantially higher price. The 
two largest deposits were discovered as late as the 
1960’s, and others may well have been missed by 
earlier prospectors. The area of possible occurrence 
of favorable host rocks, principally in north-central 
Nevada, is large, and the known deposits contain 
enough gold—one-half million ounces or more 
apiece—to make discovery of others rewarding. 

Undiscovered resources of gold undoubtedly re- 
main to be found in the lode- and ‘“bonanza”-type 
deposits, but the amount is probably small compared 
with that in the disseminated deposits. The lode and 
“bonanza” deposits have been sought for many 
years, and most of them discoverable with present 
exploration techniques probably have been found. 
The lode deposits occur principally in rocks of Pre- 
cambrian age, rocks which have a complex geologic 
history. Each year our knowledge of the geology of 
these rocks is improving, and this in time should 
lead to development of guides that will increase 
chances for discovery of new deposits. For the 
“bonanza’’-type deposits, a better understanding of 
the geochemistry of the extensive alteration halo 
that envelops these deposits might provide a useful 
tool for recognizing the outer fringes of the halo 
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over a concealed deposit. However, much effort has 
been expended toward these ends in recent years, 
but so far no new discoveries have been reported. 

Gold resources of young placer deposits must be 
small; these deposits are easy to find and have been 
extensively mined, and the likelihood that any 
young placer of significant size remains undiscovered 
is very slight. Moreover, the increasingly strict legal 
restraints on placer mining because of water pollu- 
tion problems inherent in this kind of mining are 
discouraging to further prospecting. 

Inasmuch as gold may be recoverable even at very 
low concentrations, materials containing gold in 
amounts near crustal abundance should perhaps be 
considered as potential future resources. Such ma- 
terials would include, for instance, sea floor sedi- 
ment such as in the Bering Sea, or sea water itself, 
both of which presumably contain enormous quanti- 
ties of gold. However, the concentration of gold in 
both is far too low for economic recoverability at 
present, and in fact, the average concentration of 
gold in sea water is so minute as to exclude it from 
serious consideration as a potential source in the 
foreseeable future. (At a medium concentration of 
0.03 ppb, and with gold at $70 per oz, the gold in a 
metric ton of sea water would be worth $.0000639; 
expressed in another way, the amount of sea water 
that would have to be processed to extract 1 oz of 
gold, assuming a concentration of 0.03 ppb and 
complete recovery, would be approximately 1 million 
m*—enough water to flood two football fields to a 
depth of 100 m.) 

Not enough is known about uneconomic and un- 
discovered gold resources outside the United States 
to permit an estimate of their magnitude at this 
time. The one figure shown in table 51 (col. C) for 
gold resources outside the United States represents 
mainly deposits that are considered reserves by other 
authorities. It seems clear, however, as noted pre- 
viously, that the most favorable areas for discovery 
of new deposits of the two types that historically 
have been the most productive—the gold-quartz 
lodes and the fossil placers—are those of Precam- 
brian rocks, particularly rocks in the approximate 
age range of 1.6—2.7 billion years. Rocks in this age 
group are hosts for all the major Precambrian gold 
deposits of the world—Witwatersrand, Homestake, 
Kolar, Porcupine, Kirkland Lake—Larder Lake, Kal- 
goorlie, Tarkwa, and probably Morro Velho. Pre- 
cambrian rocks constitute the Canadian, Brazilian- 
Guyana, African-Arabian, Australian, and Indian 
shields and are exposed over extensive areas in 
Siberia. In the United States, Precambrian rocks 
older than about 1.6 billion years are not widely 
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exposed. Their main areas of outcrop are in the 
eastern ranges of the Rocky Mountains in New 
Mexico, Colorado, Wyoming, and Montana; in the 
Black Hills in South Dakota; and in northern Michi- 
gan, Wisconsin, and Minnesota around the west end 
of Lake Superior. Smaller areas are scattered 
through Arizona, southern Nevada, and southeast- 
ern California. 


PROSPECTING TECHNIQUES 


Because of the nature of gold—its high density, 
its resistance to tarnish and hence its high visibility, 
and its distinctive color—the most useful field tool 
in the search for gold deposits has been the gold pan, 
with which gold can be recognized immediately if it 
is in large enough particles. The gold pan is still a 
useful implement, but it is unreliable for detecting 
gold tellurides or extremely fine grained gold such 
as characterizes the Carlin-type deposits. For meas- 
urement of unseen gold in rock samples, the fire 
assay has until recently been the standard method. 
However, the fire assay is both costly and time con- 
suming and has been supplanted to a large degree 
by atomic absorption spectrophotometry, a rapid 
and economical method that can detect as little as 
20 ppb gold in a sample. This method has made pos- 
sible the routine analysis of large numbers of sam- 
ples and thus has greatly facilitated exploration for 
gold. 


PROBLEMS FOR RESEARCH 


Early in 1966, the U.S. Geological Survey under- 
took a large research program, the Heavy Metals 
Program, to tackle many of the geologic problems 
related to gold. This program is no longer in exist- 
tence, but research is being continued on many im- 
portant problems as part of the Geological Survey’s 
mineral-resource program. 

A principal geologic problem related to U.S. gold 
deposits is the geologic and geochemical nature of 
the disseminated (Carlin-type) deposits. Inasmuch 
as these deposits probably represent the largest rela- 
tively high grade gold resource of the United States, 
further research on them would appear to have a 
high possible payoff. Much is already known about 
the geologic setting and geochemical makeup of 
these deposits, and they are the subject of continu- 
ing research. Nevertheless, no new discoveries have 
been reported since Cortez, Nev., in 1966. Is some 
vital clue perhaps being overlooked? 

The greatest gold-producing district in the world 
is the Witwatersrand. Counterparts of the Precam- 
brian gold-uranium placer deposits of the Rand seem 
to be very rare, and none even remotely comparable 
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in productivity has been found. What critical com- 
bination of geologic factors was operative in the 
formation of these deposits? If this question could 
be answered satisfactorily, would it be possible to 
predict where and when other such combinations 
might have occurred in the geologic past? 

Very large amounts of gold must have been eroded 
from the Precambrian deposits of the Canadian 
Shield in Ontario and Quebec, yet very little gold 
has been found in younger rocks overlying the shield 
along its southern edge even though they were ex- 
tensively sampled in the Heavy Metals Program. 
Are there other more likely places where this gold 
might have been concentrated ? 

The high concentration of major gold deposits in 
rocks of intermediate Precambrian age (2,700- 
1,600 million years) has already been noted. Many 
of these deposits are in rocks of, or related to, the 
so-called greenstone-granite association (districts in 
Ontario and Quebec, Canada; Kalgoorlie, Australia; 
Kolar, India; Rhodesia). Do the auriferous green- 
stone-granite terranes have any geochemical peculi- 
arities that would distinguish them from lithologic- 
ally similar but barren terranes? 

Broad alteration halos surround ‘bonanza’’-type 
gold deposits. Much is being done to characterize 
these halos chemically and to determine the chemical 
and mineralogic changes that occur during the for- 
mation of a halo and its subsequent weathering. Will 
it be possible to distinguish a halo associated with 
an ore deposit from one in barren rock? 

Gold deposits occur in mountain ranges at or near 
enough to the surface to be detected with existing 
exploration tools. But what of these deposits that 
undoubtedly occur in adjacent valleys beneath a 
thick cover of younger sediment? Can exploration 
tools be developed to detect them? Measurement of 
the mercury content of air, which is higher over 
certain types of ore deposits, holds promise. Are 
there other elements that might be useful? 

A group of related problems concerns the distri- 
bution of gold in rocks. Considerable information is 
available on the gold content of various rock types 
and minerals and of bedrock ores, but many gaps in 
knowledge remain. For instance, there seem to be 
three points, or relatively narrow ranges of points, 
in the spectrum of gold concentrations: (1) crustal 
abundance of 0.003-0.004 ppm; (2) gold content of 
the lowest grade gold ore mined in modern times 
(Alaska Juneau mine, average grade of ore only 
about 0.04 oz per ton, or a little more than 1 ppm) 
and of the porphyry copper deposits, which yield 
gold as a byproduct (0.001—0.018 oz per ton, or 
0.04-0.6 ppm); and (8) gold content of ore being 
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mined at gold mines throughout the world (0.3-0.5 
oz per ton, or 10-17 ppm). Is any appreciable per- 
centage of the total gold in the accessible parts of 
the earth’s crust present in concentrations inter- 
mediate between those of porphyry copper ore and 
currently minable gold ore, say 1-5 ppm, or is there 
a real gap in the concentration range between these 
two grades of ore, rather than only an apparent one 
created by mining economics? A corollary question 
concerns the distribution of gold near deposits of 
gold and other metals: is gold confined largely to 
the deposits themselves or does it decrease gradually 
away from the deposits; that is, does a gold-enriched 
halo or “assay wall’? commonly bound a gold-bearing 
deposit ? 

Other gaps in knowledge include the mode of oc- 
currence of gold in minerals, especially those of 
mafic rocks, and the distribution of gold in porphyry 
copper deposits and their wallrocks. 

A final problem, for the most part not a geologic 
one, concerns the lack of up-to-date information on 
the gold resources of the U.S.S.R. Although Russia 
has the second largest gold production in the world 
and is believed to have substantial reserves and re- 
sources, almost nothing has been published on its 
production, reserves, resources, or economics since 
the midthirties. If, as some analysts believe, indus- 
trial demand for gold has already reached the cur- 
rent level of production, or will do so in the near 
future, then Russian output may play an important 
role in determining both the price of gold and its 
degree of utilization. 
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ABSTRACT OF CONCLUSIONS 


Within the last 20 years technology and attitudes in the 
graphite industry have changed significantly. In 1950 the 
domestic industry demanded natural graphite from only a 


few sources and strongly resisted substitutions. Since 1960, 
the price of raw graphite has risen because of steadily in- 
creasing costs of labor at the source areas abroad and the 
more recent devaluation of the dollar in the world market. 
Today, new technology has shown that these old preferences 
need not be so rigorously applied. Domestic consumption of 
generally more costly synthetic graphite has increased and 
by 1969 was seven times that of natural graphite. 

This combination of technical and economic factors has 
generated renewed interest in domestic graphite deposits 
whose total resources are greater than 10 million tons. Ex- 
cept for one active mine in Texas, no domestic resources of 
graphite currently seem competitive with foreign sources. 
Flake graphite deposits in Alabama, New York, and Penn- 
sylvania are probably too low grade to mine now. Flake 
and amorphous deposits in Alaska are too remote, and vein 
deposits in Montana are too small to be of commercial value 
soon. 

The likelihood of finding richer, larger, or more favorably 
located domestic deposits seems slight. 


INTRODUCTION 


The graphite industry is one of the Nation’s 
smallest mineral industries. The total sales of natu- 
ral graphite in the domestic industry were less than 
$614 million in 1969; however, the unique physical 
and chemical properties of graphite make it irre- 
placeable in some uses. The importance of graphite 
to the national economy is therefore difficult to de- 
fine precisely, but is far greater than the annual 
dollar value of commercial sales would appear to 
indicate. 

Graphite is pure crystalline carbon; it is steel gray 
and has a hardness of 1 to 2, specific gravity of 2.1 
to 2.3, and excellent cleavage. It is sectile, flexible, 
and a good conductor of heat and electricity. Graph- 
ite is also extremely inert to most chemical reagents, 
including hydrofluoric acid and boiling aqua regia. 
At temperatures above 600°C graphite decomposes 
slowly in an oxidizing atmosphere, but if protected 
by a nonoxidizing atmosphere or an inert coating, it 
remains stable to 3,500°C. 
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Natural graphite occurs in three geologic environ- 
ments, and the distinctive qualities of the graphite 
in each give rise to three categories of commercial 
deposits. 

1. Veins consisting of 75-100 percent graphite are 
of commercial value, but they are only found 
in a few places where they cut igneous and 
metamorphic rocks, commonly of Precambrian 
age. The graphite is marketed as “lump and 
chip,’ “crystalline lump,” or “amorphous 
lump,” in various classes depending on particle 
size and purity. 

2. “Flake graphite” is the commercial designation 
for graphite that occurs as flakes disseminated 
through layers of metamorphosed carbona- 
ceous sedimentary rocks. Commercial deposits 
contain from about 8 to more than 20 percent 
graphite. The thickness, toughness, density, 
size, and shape of the flakes vary by the de- 
posit. 

3. “Amorphous graphite” is a commercial designa- 
tion for any massive, very fine grained graph- 
ite, most of which comes from thermally meta- 
morphosed beds ef coal. Deposits of commer- 
cial value generally contain at least 80 percent 
graphite. 

Industrial uses of graphite depend upon the char- 
acteristics of the three natural graphite types. Fine- 
grained, relatively low cost ‘‘amorphous” graphite is 
used extensively for foundry facings, certain refrac- 
tories, and as a source of carbon in steelmaking. 
Flake graphite is prized for high-quality lubricants 
and for high-quality crucibles and refractory ware. 
“Amorphous lump,” or vein graphite, is also used 
in lubricants and refractory ware but is especially 
desired for carbon brushes in electric motors. The 
uses of the graphite consumed in the United States 
in 1969 are summarized in table 52. 

The industrial importance of the three types of 
natural graphite is reflected in the tonnage of U.S. 
imports shown in table 538. Amorphous graphite, 
chiefly from Mexico, has averaged about 80-85 per- 
cent of total imports. Shipments from Madagascar 
and Ceylon in recent years have been on the order 
of 4,500 and 2,500 tons, respectively. Although the 
proportion of Ceylon graphite classified as crystal- 
line lump and lump and chip (vein type) is not clear, 
it probably amounts to less than 50 tons per year in 
recent years. 

The only domestic graphite mine now active, that 
at Burnet, Tex., produces flake graphite. Deposits 
of similar material, however, occur in many other 
places in the United States, chiefly in Alabama, 
Alaska, New York, Pennsylvania, and other places 
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TABLE 52.—Consumption, by uses, of natural graphite in the 
United States in 1969 


Value 

Use Short tons (thousands) 

Batteriesp oases Sassen Fo (¢) (*) 
Bearings § se. ee 104 $51,307 
Brakeslinin:s—===== = 1,066 368,998 
Carbonsbrushess==s=—) = 588 285,869 

Crucibles, retorts, stoppers, 

sleeves, and nozzles __-_____ 4,639 780,793 
Houndryetacing see 8,028 1,017,221 
Tubricantsisessees= soe eee 2,702 492,316 
Rackin gsiqee as ne aa Se 409 182,983 
Paints and polishes ___________ 182 27,997 
Pencilsyeasae a ee a ee 2,190 666,095 
Refractories messes see eee 5,554 735,419 
Rubbergeoess sees owe ssl See 225 73,054 
Steelmaking) 25-22 2 "oo == == 6,624 578,386 
Otherness 4,853 1,093,359 
Wotalip 22222 oee- =e 37,164 6,353,797 


1 Withheld to avoid disclosing individual company confidential data; in- 
cluded in ‘‘Other.”” 

2Includes adhesives, chemical equipment and processes, electronic prod- 
ucts, gray iron castings, powdered-metal parts, small packages, special- 
ties, and batteries. Data from U.S. Bur. Mines. 


TABLE 53.—Tonnage and value of 1969 U.S. imports for con- 
sumption of natural graphite, by countries 
[Data from U.S. Bureau of Mines] 


Total 
Country Value 
Short tons (thousands) 

Austria. 2222.5. = see ene~ Jee Se 20 $2 
Ceylon: =. 2 28 = 22 = ee 3,517 402 
IPANCe) 228s eae a soe eeeee ee 16 9 
GermanySiwesti-o- 1,535 246 
Hong’ Kongijs=s2s-+==452ss Sse 337 8 
italy: === ee eee 18 8 
Korea, ‘South 222 2!-2 2222522 S255 2— 618 17 
Malagasy,)Republic)=2=22—==—— == 5,042 507 
Mexico: 22222252. .22. eee 43,269 876 
INOTWay 222s: s=s==2S5-=55e5=4—=— 4,037 334 
Sweden. ==22--=2.-..- 2s 44 4 
Swatzerland| =22==-—- === 22 6 2 
(Wmitedaekane.d orn 20 4 

Totaly= = 4-25 2- eeee 58,479 2,419 


in Texas. Deposits of vein graphite occur in Mon- 
tana and New York, and deposits of amorphous 
graphite occur in Rhode Island, New Mexico, and 
Colorado. The unproductive deposits are not eco- 
nomically competitive with foreign sources of natu- 
ral graphite. 

Natural graphite now faces competition from syn- 
thetic graphite, marketed as “artificial graphite.” 
The commercial name is a misnomer insofar as it 
implies an imitation, because the product is really 
crystalline graphite produced in high-temperature 
furnaces from petroleum coke or other forms of 
amorphous carbon. Synthetic graphite is a product 
of high purity, but it tends to be finer grained, less 
dense, and more expensive than most natural flake 
graphite. Synthetic graphite can be substituted to 
some degree in all of the uses of natural graphite, 
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though its higher cost makes it noncompetitive for 
some uses. Synthetic graphite, however, is the only 
product that is pure enough for use in moderator 
rods in nuclear reactors. It is also used in electrodes 
for electrosmelting and in anodes for the electro- 
chemical industry. Total consumption of synthetic 
graphite in the United States has increased steadily 
over the last 20 years and in 1969 was 225,500 tons, 
almost seven times the total tonnage of natural 
graphite consumed. The use of synthetic graphite in 
future industrial markets undoubtedly will affect the 
mining of natural graphite. 

Other details of the economic aspects of the graph- 
ite industry are given by Lewis (1970). 


EXPLOITATION 


Graphite production in the United States began 
between 1644 and 1648 at Sturbridge, Mass., but 
between that time and about 1850, production, which 
came from scattered operations in New England, 
New York, and New Jersey, apparently was small 
and sporadic. During the period 1850-1900, deposits 
in New York, New Jersey, Alabama, Pennsylvania, 
Michigan, Texas, California, Nevada, and Rhode 
Island were explored and developed, and a domestic 
graphite industry came into being. From the 1850’s 
to 1900, the mines of the Joseph Dixon Co. near 
Ticonderoga and Lake George, N.Y., were the prin- 
cipal domestic source of flake graphite, but around 
1900, Alabama and eastern Pennsylvania began in- 
termittent production of substantial amounts of 
flake graphite. In 1911, Alabama took first place as 
a producer of flake graphite and maintained that 
position until after World War II. From about 1946 
to 1954, Texas and Alabama produced nearly equal 
amounts of flake graphite. By the end of 1954, all 
flake graphite production had stopped. After a short 
lapse, production in Texas resumed in 1955 and has 
continued to the present at the Southwest Graphite 
Co. mine in Burnet County. 

Amorphous graphite was apparently first mined 
in quantity from deposits in Rhode Island, North 
Carolina, California, and Nevada, then later in 
Michigan, Wisconsin, and other States. By the end 
of 1954, only one deposit of amorphous graphite in 
Rhode Island was being mined. Tonnage and quality 
of the deposits in these States are both lower than 
the Mexican sources that have supplied a large part 
of our needs since World War I. 

A high proportion of the annual consumption of 
natural graphite in the United States is by the fer- 
rous and nonferrous metals industries where it is 
used for foundry facings, carburizing, and a wide 
variety of refractory ware. Total consumption and, 
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to a lesser degree, total imports therefore, approxi- 
mately reflect the general level of prosperity and 
industrial productivity in the United States (fig. 31). 
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FIGurE 31.—U.S. consumption of graphite, 1910-69. 


Industrial activity during World War I caused graph- 
ite production and imports to reach a record high; 
the great depression of the 1930’s caused them to 
reach a record low. World War II, the postwar boom 
of the 1950’s, and the Korean and Viet Nam Wars 
also caused peaks in graphite consumption. The gen- 
eral recession of 1949, intensified by disastrous 
strikes in the coal and steel industries, marks the 
deepest low since the early 1930’s. 

The data shown in figure 31 also reflect one of 
the major problems of the prospective U.S. pro- 
ducer—that of fluctuation of graphite consumption. 
Since 1949, U.S. annual consumption has ranged 
from 15,000 to 52,000 tons, a difference of more 
than 340 percent. Only with bravery and optimism 
can capital and effort be invested in a business that 
fluctuates so widely and unpredictably. 

Until recently there has been strong resistance by 
industry to graphite from any but long-established 
foreign sources, notably the Malagasy Republic for 
flake, Ceylon for both flake and vein, and Mexico 
and Korea for amorphous graphite. Several reasons 
account for the favored position that foreign graph- 
ite commanded. Supplier’s formulas for refractory 
ware were based on trial and error. Certain graphite 
plus certain clay plus certain mixing and annealing 
gave products with a long life. Changes in ingredi- 
ents or preparation methods shortened the life of 
the product, thus changes in formulas were strongly 
resisted. Uses of lubricating flake demanded coarse- 
rather than fine-grained material, a preference favor- 
ing Malagasy flake over others. Finally, many over- 
seas suppliers had been in business long enough to 
have demonstrated their ability to maintain quality 
and provide reliable delivery at prices well below 
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that of most domestic producers. Since about 1960, 
however, technological changes and increased prices 
for raw graphite have changed the attitudes of im- 
porters and suppliers. Development of the silicon 
carbide-graphite crucible, which can use graphite 
from almost any source, is an example of improved 
technology. The net result is that domestic deposits, 
particularly those of flake graphite, look much more 
attractive now than they did in the 1950’s or 1960’s. 


GEOLOGIC ENVIRONMENT 


The form, occurrence, mineralogy, origin, and dis- 
tribution of natural graphite have been discussed 
in considerable detail elsewhere (Cameron and Weis, 
1960, p. 206-208; 241-249) and will be described 
only briefly here. 


GEOCHEMISTRY 


Carbon is 11th in abundance among the elements 
that form the earth’s crust, but the crustal abun- 
dance of carbon bears little relationship to the abun- 
dance or distribution of graphite. Most of the carbon 
in the crust of the earth—probably 80-90 percent— 
is in carbonate rocks, and most of the remaining 
carbon occurs in living or fossil organic matter or 
in the atmosphere as CO.; probably less than one- 
half of 1 percent of the carbon in the earth’s crust 
occurs in elemental form, as amorphous carbon, 
graphite, or diamond. 

Carbon’s behavior in the geochemical cycle de- 
pends largely on its form. More than 95 percent of 
the earth’s carbon occurs as CO, or its compounds, 
and most of the remainder occurs as one of the 
hundreds of organic hydrocarbons. These compounds 
have characteristic geochemical cycles that are un- 
like that of elemental carbon. 

Carbon that occurs as graphite came at least in 
part from organic material. Once in the form of 
graphite, it is likely to remain unchanged. In most 
chemical environments, graphite is one of the most 
inert substances known to man. Acids, bases, oxidiz- 
ing and reducing environments alike leave it un- 
changed. Only at temperatures greater than about 
600°C in an oxidizing environment does it slowly 
change to CO,. Under surface weathering conditions 
it remains unchanged. Metamorphism tends to re- 
crystallize graphite to coarser grains. The graphite 
cycle tends to become a closed system once the 
mineral is formed. 

The cycle of erosion, transportation, deposition, 
and metamorphism tends to disseminate graphite, 
rather than to concentrate it. There are no workable 
sedimentary deposits of graphite. Economic deposits 
of flake or amorphous graphite occur only where 
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concentrations of nongraphitic carbon have been 
metamorphosed. 


GEOLOGY 
VEIN GRAPHITE 


Vein deposits of graphite are fracture fillings that 
contain 75-100 percent graphitic carbon. Crustifica- 
tion is common, with coarse, platy, or needlelike 
interlocking crystals apparently grown inward from 
both walls. Mineral impurities include quartz, feld- 
spar, pyrite, pyroxene, apatite, and calcite. Veins 
range from thin films to massive bodies more than 
10 feet in thickness. Some extend along strike for 
thousands of feet, and some have been mined down- 
dip for more than 1,500 feet. The veins cut both 
igneous and metamorphic rocks, generally of Pre- 
cambrian age. 

Vein graphite deposits are known near Crown 
Point, N.Y., and in the Dillon area, Montana, but 
the only economically important world supply is 
from Ceylon. 

The agents of transport and precipitation of car- 
bon that lead to the formation of graphite veins are 
not understood. Some geologists have suggested that 
the veins are hydrothermal; others, that they are 
pneumatolytic. Neither the hydrothermal nor the 
pneumatolytic hypothesis has enough supporting 
field evidence to enable one to make a final choice. 


FLAKE GRAPHITE 


Flake graphite of commercial size is derived from 
carbonaceous material in sedimentary rocks that 
have metamorphosed at least to garnet grade. The 
resulting gneisses and schists are the hosts for all 
deposits of flake graphite. The grade of the deposit 
is dependent on the carbon content of the original 
sedimentary rocks. Graphitic metasedimentary rocks 
contain from a trace to as much as 90 percent flake 
graphite, but most of these gneisses and schists con- 
tain less than 3 percent graphitic carbon. Distribu- 
tion of the graphite in flakes, that may range from 
1 to more than 250 millimeters in diameter, gener- 
ally is more uniform along strike and dip than from 
one layer to another. 

Impurities in flake graphite are the common min- 
erals of high-grade metasedimentary rocks, espe- 
cially quartz, feldspars, mica, amphibole, and garnet. 
The suite of gangue minerals is an important eco- 
nomic consideration. Most of these minerals are 
easily separated from the graphite. Mica is a nota- 
ble exception, especially when intergrown with 
graphite, a common relation in many flake deposits. 
The separation of these minerals becomes extremely 
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difficult if fine grinding is necessary because the 
mica becomes coated with a film of graphite and is 
collected along with the graphite, and the grade of 
the graphite concentrate is thereby lowered. Market- 
able concentrates generally contain 85 percent or 
more graphite. 

Probably the largest deposits of flake graphite in 
the United States occur in gneiss and schist in the 
Kigluaik Range on the Seward Peninsula, Alaska. 
The graphitic rocks are exposed for 60 miles along 
strike, and many layers containing about 10 percent 
graphite are more than 25 feet thick. Within these 
layers are lenses and pods containing 50-60 percent 
graphite, part of which is coarse flake. Most of these 
lenses and pods are 14-114 feet thick and 10-20 
feet long, but some are as much as 6 feet thick and 
100 feet long. Within parts of the range, in the zone 
of graphitic schist, these high-grade pods are esti- 
mated to make up 25 percent of the rock (Coats, 
1944). 

Deposits of flake graphite in the United States 
have been mined in Alabama, Alaska, New York, 
Pennsylvania, and Texas. 

The world’s most economically important flake 
deposits now in production are in Malagasy Repub- 
lic, where layers 10-100 feet thick contain 10-20 
percent graphite. Much of the ore is intensely weath- 
ered and requires only a simple wash to produce a 
concentrate containing 85—92 percent graphite. Other 
important foreign deposits of flake graphite are in 
Austria, Norway, Russia, and China. 


AMORPHOUS GRAPHITE 


Amorphous graphite, formed by thermal meta- 
morphism of coal beds, is massive and cryptocrystal- 
line. The size, grade, and mineral impurities in the 
deposit depend on the characteristics of the original 
coal seam. Major deposits being mined today gen- 
erally contain at least 85 percent graphitic carbon. 
The material is dried, shipped, and used without 
beneficiation. Operations are successful only if large 
quantities of material of reliable quality can be 
supplied at low cost. The most important single 
factor in marketing amorphous graphite today is 
transportation cost. 

In the United States, small amorphous graphite 
deposits are known in Rhode Island, near Raton, 
N. Mex., and near Chaffee, Colo. Major free-world 
sources are Sonora, Mexico, and Korea. 


RESOURCES 


The graphite resources of the world are undoubt- 
edly great, but their extent is unknown. Reserves 
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sonable estimates of potential resources probably 
are not available for a single major graphite district 
in the world. The principal reason is that graphite 
is a relatively abundant and widespread mineral, 
and known deposits in many areas far exceed cur- 
rent or foreseeable demands, making it understand- 
ably difficult to generate interest in making careful 
resource estimates. As of 1972, deposits containing 
a total of many hundreds of millions of tons are 
known, and total world resources may be many times 
that amount. 


IDENTIFIED AND HYPOTHETICAL RESOURCES 


The identified resources of graphite in the United 
States as of 1960 are summarized in table 54. So 


TABLE 54.—Identified resources of graphite of the 
United States * 
[Summarized from Cameron and Weis (1960, p. 252) ] 


Type of Recoverable 
District deposit graphite (tons) 
Dillons Monte Vigan <5,000 
Alaskans ae sesso Ss Flake, vein(?) _- >10,000,000 
Alabamawss==2==-—s2— Wlakeweneon ss eae >300,000 
Newa York ====—=———— a >250,000 
Pennsylvania —_-_____ Pen dOu= a = >10,000 
Southwest Texas _____ = kG by eee 50,000 + 


1Identified resources are specific, identified mineral deposits that may 
or may not be evaluated as to extent and grade, and whose contained 
minerals may or may not be profitably recoverable with existing tech- 
nology and economic conditions. 


little prospecting and mining has been done since 
1960 that these estimates of recoverable graphite 
have not yet been improved. 

Most of the graphitic rocks of Alabama, New 
York, and Pennsylvania contain less than 5 percent 
graphite, although a few contain as much as 10 
percent. The location and ease of mining these 
deposits suggest that a modest increase in the price 
of raw graphite might herald the start or resump- 
tion of commercial production in these States, espe- 
cially Alabama. The largest domestic graphite de- 
posits occur in the gneiss and schist in the Kigluaik 
Range of the Seward Peninsula, Alaska (Coats, 
1944). These deposits are higher grade than those 
in the eastern United States, but the greater dis- 
tance from markets and the greater difficulty of 
mining them will retard their commercial develop- 
ment. 

The world’s identified and hypothetical resources 
of graphite are summarized in table 55. 

The best known provinces of vein graphite depos- 
its are in Montana and Ceylon where the veins cut 
Precambrian gneiss and igneous rocks. Further 
search in these areas may reveal additional deposits. 
The graphitic metamorphic rocks of the Kigluaik 


are known for a number of operating mines, but rea- | Range, Alaska, have been intruded by igneous rocks, 
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TABLE 55.—Identijied * and hypothetical* graphite resources 
of the world 


Locality 


Rock containing at least 4 percent graphitic carbon as flake graphite 


Quantity 


North America: 


--->1 million tons. 
---Millions of tons. 


Argentina ~---__-__-- A million tons(?) 


Braz gee eee Millions of tons. 

Europe: 
Austria) —==2-=22S=222—= Hundreds of thousands of tons. 
unland yee ee Less than 1 million tons. 
Werance geen ene eee 10. 
West Germany —-~---_ Several million tons. 
Italyge eee ee A few hundred thousand tons. 
Norway, 222 =322222s=— Do. 
Spain’ — 22-2252" 2S-S-2 Do. 
Sweden! 22222222 ===3 Tens of millions of tons. 

Asia 
U.S.S.R. -Hundreds of millions of tons. 
Ceylon - —Hundreds of thousands of tons. 
China —_ _Probably at least millions of tons. 


Indiay 222022 Hundreds of thousands of tons. 


Japan. sees A million tons(?) 

Koren) gee ee Many millions of tons. 

Turkey’ \ 2-5 22-- == Tens of thousands of tons (7?) 
Africa: 

[Kenya (=== a ee Hundreds of thousands of tons. 


Malagasy Republic ____Many hundreds of millions of tons, in many 
districts, in an area 100 by 600 miles. 


Tanzania Hundreds of thousands of tons(?) 

Uganda __ Small. 

Zambia Possibly millions of tons. 
Australia: 

South Australia ~--___ Possibly millions of tons. 


Amorphous graphite in deposits containing about 85 percent 
graphitic carbon 


North America: 


Ganaday 2233 = 20S Considerable graphite in eastern Canada is 
too fine grained to be marketed as flake. 
Total reserves may be several million tons, 
mostly low grade. 

(Mexico) > =s Hundreds of millions of tons, containing 80— 


85 percent graphite. 

United States -_______ A few thousand tons of 80-85 percent graph- 
ite. Byproduct fine material from flake 
graphite deposits—possibly several thousands 
of tons. 

Alaska—byproduct, millions of tons that would 
require upgrading. 
Europe: 

Austriaige = Hundreds of millions of tons. 

Czechoslovakia —-_____ Millions of tons. 

West Germany ~__--__ Hundreds of thousands of tons. 


BSwedenee eae Two hundred million tons. 
Tens of millions of tons. Good quality. 
Probably many millions of tons, possibly 
Many tens of millions of tons. 
Hong Kong —~-----____ Thousands or tens of thousands of tons. 
Indias =a eee se Possibly thousands of tons. 
Japan| oeee eee eee Tens of thousands of tons. 
[Koreave se ne Se as Hundreds of millions of tons. 
Africa: 
Morocco = see A few million tons. 
Southwest Africa ~____ Thousands of tons(?) 
Australia: 
Queensland ~~~-__-____ Millions of tons. 


Vein graphite in veins consisting of at least 90 percent graphite 


United States == Less than 10,000 tons. 

Brazil 22-2 oo see Occurrences are reported. Details are un- 
available. 

ESS Rae ee ee Large deposits are reported west of Irkutsk, 
in eastern Siberia. 

Ceylont 22s ee2- soe The major world supply of vein-type graph- 


ite is believed to be here. Total reserves are 
only estimates from millions of tons to pos- 
sibly tens or hundreds of millions of tons. 
Chitiaeese = ae ee Vein-type deposits are reported. Reserves may 
range from thousands to millions of tons. 


1 Specific, identified mineral deposits that may or may not be evaluated 
as to extent and grade, and whose contained minerals may or may not be 
profitably recoverable with existing technology and economic conditions. 


2 Undiscovered mineral deposits, whether of recoverable or subeconomic 
grade, that are geologically predictable as existing in known districts. 


and this area should be explored for possible deposits 
of vein graphite. Few details are known about the 
veins of graphite reported in China, the U.S.S.R., 
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and Brazil, and their commercial potential is still 
mostly unevaluated. 


SPECULATIVE RESOURCES 


The geology of the Eastern United States is so 
well known that the likelihood of finding new de- 
posits of flake graphite closer to market is very 
small. Igneous activity in the coal fields of the 
United States either did not occur or was of a scale 
small enough to preclude the chances of finding 
amorphous graphite deposits of commercial size and 
grade. Certainly none found are likely to rival the 
size and grade of the great deposits of Sonora, 
Mexico. 


PROSPECTING 


The simplest and most effective means of finding 
graphite is to look for it in outcrops and residual 
soil. Because of its chemical inertness, graphite 
remains completely unaltered in weathered material ; 
and the dark, lustrous flakes are conspicuous in 
surface soil. 

As in prospecting for any mineral, a knowledge 
of areal geology of the area is the first step in 
prospecting for graphite. Flake graphite occurs only 
in metamorphic rocks—commercial sizes generally 
in schists and gneisses of garnet grade or higher or 
in marbles associated with other metasediments. 
Amorphous graphite forms only by thermal meta- 
morphism of coal; therefore, areas to prospect are 
those where coal-bearing sediments may have been 
intruded by igneous rock. Vein graphite is so rare 
and its origin is so poorly understood that it is 
difficult to characterize the most favorable places to 
prospect. Most known graphite veins cut Precam- 
brian igneous and metamorphic rocks, although a 
few are known to be in younger metamorphic rocks 
as well. 


PROBLEMS FOR RESEARCH 


Little effort with modern tools has gone into the 
geologic study of graphite deposits in the United 
States recently, chiefly because most of the known 
deposits were considered noncommercial, reason- 
ably priced graphite has been available continuously 
from fereign sources, and synthetic graphite has 
acquired a large share of the market. Better tech- 
niques to beneficiate the low-grade ores are needed 
if a domestic industry is to be viable. Studies on 
the nature of formation of graphite veins might 
aid considerably the science of ore deposits as well 
as the search for more graphite deposits. The role 
of organic matter in metamorphism and hydrother- 
mal ore deposits is not well understood. 
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ABSTRACT OF CONCLUSIONS 


Helium, because of its light weight, chemical inertness, and 
very low temperature in liquid form, is important in space 
exploration, industry, and research. It is recovered as a by- 
product from natural gas used for fuel and has not been a 
target for independent exploration. 

This situation will change, however, when the few large 
gas fields that now supply most of the helium are exhausted, 
unless comparable deposits are found. Natural gases with 
little or no fuel value but appreciable amounts of helium 
occur in various places in the Rocky Mountain region, but 
their potential for supplying helium needs of the future is 
unknown. 

Inasmuch as helium originates from uranium and thorium 
derived from igneous rocks, accumulations are not neces- 
sarily limited to areas where oil and gas are found. Uranium- 
mining areas and volcanic and geothermal areas of the 
Western United States have untested potential for helium 
accumulation. 


Billions of cubic feet of helium are being wasted annually 
in the production of natural gas from which the helium is 
not removed. Better and cheaper methods of helium recovery 
are needed to save this helium for the future. 


INTRODUCTION 

Helium, a lightweight, inert gas, is an end prod- 
uct of the radioactive decay of uranium and thorium 
in rocks. In World War I, the first attempts were 
made to obtain helium from natural gas for use in 
lighter-than-air craft, but it was not until World 
War II that this use was realized on a large scale. 
The abundant and dependable supply developed dur- 
ing World War II has made helium available for 
various uses that now overshadow military needs. 
The properties of lightness and inertness have made 
helium useful in the space exploration program, the 
largest user. Hither or both of these properties have 
made helium useful in creating controlled atmos- 
pheres for welding certain metals and for growing 
crystals, for various other industrial processes, for 
use in chromatography, for heat transfer in nuclear 
reactors, for leak detection, for breathing mixtures, 
and for various laboratory researches. In eryogenics 
research and engineering, liquid helium is used to 
obtain temperatures near absolute zero. 

Assuming that helium will continue to be available 
in large volumes at reasonable cost, all the previously 
mentioned uses are expected to increase in the fu- 
ture, and new uses will probably appear. One po- 
tential use is as a coolant in power transmission, 
where conductors at the temperature of liquid helium 
become superconductors, thereby increasing the 
efficiency of power transmission lines. In power 
generation by nuclear fusion, envisioned for the 
future, thermonuclear reactions may be confined by 
magnetic fields produced by high-intensity super- 
conducting magnets which will use liquid helium for 
a refrigerant. The nuclear power industry could 
become a limited source of helium from the dis- 
integration of nuclear fuels. 
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The United States, because of its early develop- 
ment of natural-gas resources for fuel, was the first 
country to find large resources of helium, which is 
present in natural gas in trace to small amounts, 
along with other nonflammable gases such as nitro- 
gen, carbon dioxide, and argon. When the natural 
gas is liquefied, the helium remains a gas and is 
recovered as crude helium for further refinement. 
Much of the growth in the use of helium in the 
United States was due to its availability at reason- 
able prices from the huge natural-gas fields of the 
Texas and Oklahoma Panhandles and southwestern 
Kansas. 

From 1950 to 1968, annual use of helium in the 
United States increased more than tenfold, from 81 
to 842 million cubic feet (fig. 32) (Lipper, 1965, p. 


VOLUME, IN MILLIONS OF 
CUBIC FEET 


1920 1930 1940 1950 1960 1970 


FIGURE 32.—Helium sales in the United States, 1920-70. 
Adapted from Seibel (1968, fig. 8). 


437; 1970, p. 84). In 1968, in addition to the 842 
million cubic feet of helium sold in the United States, 
about 25 million cubic feet was exported, and 3,988 
million cubic feet was pumped into underground 
storage as part of the government’s long-range con- 
servation program (Lipper, 1970, p. 84). Helium not 
separated from natural gas when the gas is with- 
drawn for fuel is lost to the atmosphere. Helium 
pumped underground and stored will assure a future 
supply, possibly for several decades after the natural 
gas has been exhausted. 

In 1968, use of helium outside the United States 
was probably not more than 100-150 million cubic 
feet. Canada supplied about 3 percent of the free- 
world supply from one recovery plant in Saskatche- 
wan (Lipper, 1970, p. 79). In 1969, France began 
recovering helium from natural gas supplied by the 
Netherlands, and the U.S.S.R. produced 70 million 
cubic feet of helium. 

The United States has the largest known reserves 
of helium, which, at the present level and rate of 


use, are expected to supply the Nation’s needs until 
at least the end of this century. Intensive explora- 
tion for and development of natural-gas resources, 
which have begun outside the United States only 
within the last decade or two, doubtless will lead 
to discovery of new helium resources as well. 


GEOLOGIC ENVIRONMENT 


Although helium is of great cosmic abundance, 
second only to hydrogen, it is one of the rarer ele- 
ments of the earth. Uranium and thorium are radio- 
active elements that are present in trace amounts 
in all rocks, but they are most abundant in the 
accessory and iron-rich varietal minerals of gra- 
nitic igneous rocks and in dark shaly marine sedi- 
mentary rocks (Clark, 1966, p. 522-540). During 
the radioactive decay sequences in which these 
elements are transformed to lead, each alpha par- 
ticle given off becomes a stable helium atom (Ruth- 
erford and Royds, 1909): 


(OFS 8He!+ Pb? 
23s 7THe!+Pb?? 
TMh23s2 _ 6He!+- Pb?" 


Almost all the helium atoms in natural gas are 
of the heavier He‘ isotope (atomic weight, 4); the 
lighter He’? isotope (atomic weight, 3) occurs only 
in trace amounts and is thought to originate from 
tritium, the radioactive isotope of hydrogen (Ald- 
rich and Nier, 1948). He® is about 10 times more 
abundant in helium in the atmosphere than in 
helium in natural gas and is produced by various 
actions of cosmic rays and by auroral precipitation 
of solar wind plasma (Johnson and Axford, 1969, 
p. 2436). Helium atoms, because of their low atomic 
weights, are able to escape from the earth’s atmos- 
phere to outer space, and as a result their average 
concentration in the atmosphere is only 4 or 5 
parts per million. 

Studies of the amounts of radiogenic helium in 
minerals, natural gas, and the atmosphere suggest 
that less than half the helium formed in rocks is 
retained in the mineral structures; the remainder 
is either dissolved in interstitial fluids, entrapped 
with other natural gases as a gaseous phase in rocks, 
or lost to the atmosphere (Hurley, 1954; Damon and 
Kulp, 1958). 

The helium that is distributed in sedimentary 
rocks probably migrates through porous aquifers 
either as a gas or in the connate waters, or it travels 
along fractures. Some of it may have leaked into 
sedimentary rocks from deep crystalline rocks that 
underlie the sedimentary strata. Much of it is prob- 
ably first dissolved as a trace constituent in connate 
waters from which it was expelled as the water 
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moved upward into traps in the sedimentary column. 
Concentrations of helium found by drilling occur 
mixed with other kinds of natural gas, particularly 
the hydrocarbon gases, nitrogen, and carbon dioxide. 
Helium in concentrations higher than that of the 
atmosphere has also been found in the firedamp of 
many coal mines, in gases from mineral springs, in 
voleanic gases, and in gases from glacial till and 
other shallow sources. 

Many natural-gas fields have been tested for 
helium by the U.S. Bureau of Mines (Anderson and 
Hinson, 1951; Boone, 1958; Munnerlyn and Miller, 
1963; Miller and Norrell, 1964a, 1964b, 1965; Moore, 
Miller, and Shrewsbury, 1966; Moore and Shrews- 
bury, 1966, 1967, 1968; Cardwell and Benton, 1970a, 
1970b, 1971). The analyses indicate that in general 
the concentration of helium in gas fields increases 
with geologic age of the reservoir rocks (Pierce, 
1960). Gas with more than 0.3 percent helium occurs 
mostly in geologically old rocks, generally of Paleo- 
zoic age, and less extensively in younger rocks. 

Dobbin (1968) briefly described the occurrences 
of helium and other nonflammable natural gases that 
have been found in the United States and Canada, 
and Jodry and Henneman (1968) reported on the 
occurrence, origin, and other aspects of helium. 


RESOURCES 
IDENTIFIED AND HYPOTHETICAL RESOURCES 

All helium recovered in the United States except 
that from gas fields in the Shiprock area of north- 
western New Mexico (discontinued in 1969) and 
from the Pinta Dome field near Navajo, Ariz., has 
come from Kansas and the panhandle areas of 
Oklahoma and Texas. Recovery has been from gases 
with helium content of 0.3 percent or more, the mini- 
mum content considered economically feasible to 
recover with present technology (Lipper, 1970, p. 
82). 

So long as natural gas continues to be produced 


in quantity, helium-rich gas fields will continue to | 


be the main source of helium as a byproduct. Ac- 
cording to U.S. Bureau of Mines estimates (Thomas- 
son, 1971, p. 4), at the end of 1970 at least 80 per- 
cent of proved helium reserves of 154 billion cubic 
feet in gases containing 0.3 percent or more of 
helium were in the five fields—Hugoton, Panhandle, 
Greenwood, Keyes, and Cliffside (table 56)—that 
now produce most of the helium. The remaining 
proved reserves are in 83 scattered fields in Arizona, 
Colorado, Kansas, Montana, New Mexico, Oklahoma, 
Texas, Utah, Wyoming, and West Virginia. In most 
of these fields the helium is not recovered as the gas 
is withdrawn for fuel. 
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The reserves of natural gas of the United States 
and Canada are reported annually by the American 
Gas Association and the Canadian Petroleum Asso- 
ciation, respectively. The Potential Gas Agency pub- 
lishes biennial estimates of the potential gas supply 
that is as yet undiscovered. Using the 1968 figures 
of these organizations for average helium content 
of gases in the various regions, Lipper (1970, p. 
82) estimated total helium resources of the United 
States at about 935 billion cubic feet. He divided 
this figure into 250 billion cubic feet of proved re- 
serves, 155 billion probable, 220 billion possible, and 
310 billion speculative. The average helium content 
on which these figures are based ranges from 0.006 
percent in the gulf coast of Louisiana and Texas, 
where gas reserves and potential are large, to 0.278 
percent in a seven-State area extending from Min- 
nesota and Michigan southward to Missouri, where 
natural-gas reserves and potential are small. 

The extent of helium resources outside North 
America is mostly unknown because the natural gas 
resources are not well known. Significant discov- 
eries have been reported in Canada, Africa, the Mid- 
dle East, and the U.S.S.R.; however, commercial 
production from these countries is small. On the 
basis of a geologic comparison of the sedimentary 
rocks of the world with those of the United States, 
Hendricks (1965) estimated the possible ultimate 
discoveries of natural-gas resources of the sedi- 
mentary basins of land areas and their bordering 
continental shelves. Assuming that these gas re- 
sources contain amounts of helium comparable to 
those of the United States, on a volume-for-volume 
basis, an estimate of possible ultimate discoveries 
of helium outside the United States is nearly seven 
times that of the United States, which is estimated 
to have more than 1 trillion cubic feet. The esti- 
mate for the United States, however, includes the 
Hugoton, Panhandle, and adjacent gas fields with 
huge gas volume and large helium content. Gas 
fields of comparable size occur elsewhere, but thus 
far none have been reported with comparable helium 
content. Therefore, such an estimate of world helium 
resources, at this stage, is highly optimistic. 

How much of the discoverable resources of natural 
gas and helium might be economically recoverable 
depends on economic, geological, and geographical 
factors, which, for the present, are mostly unknown. 
For example, liquefied natural gas (LNG) is now 
becoming an important export from countries with 
large gas resources. The liquefaction process leaves 
a residual gas enriched in helium. This helium can 
be recovered and sold if there is sufficient market 
demand. 
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SPECULATIVE RESOURCES 

Helium, although now supplied as a byproduct of 
natural-gas fuel, originates from different source 
materials and therefore is not necessarily limited to 
oil and gas areas. Because of the extensive explora- 
tion for natural gas for fuel and because helium 
needs are being satisfied from known gas fields, a 
separate search for helium has not been necessary. 
When the few large gas fields that now supply most 
of the country’s helium needs are exhausted, helium 
may cease to be a byproduct of natural gas and may 
become a target for direct exploration. If this hap- 
pens, then some of the gas deposits in Paleozoic 
rocks in the Rocky Mountain region that have such 
high content of nitrogen or carbon dioxide as to 
be unsatisfactory for fuel may become economically 
valuable for their helium content. The extent of 
these gas deposits is not known because most de- 
velopers do not explore beyond the original dis- 
covery well. Three such deposits, the Woodside and 
Harley Domes of Utah and the Model Dome of 
Colorado, have been set aside as helium reserves. A 
fourth deposit of this type, the Tip Top field occurs 
in western Wyoming. Only the Pinta Dome field in 
Arizona is producing gas solely for its helium con- 
tent. The remaining gas in the field is mostly 
nitrogen. 

Regions within which deposits of nonfuel gases 
are known cover at least 20,000 square miles. Lipper 
(1970, p. 83) reported that about 8 percent of the 
known domestic helium reserves (in gases contain- 
ing more than 0.3 percent helium) is in gases that 
are noncombustible or that have such low heating 
value that they are not salable as fuel. The extent 
of these nonfuel gases is unexplored in large areas. 

Sedimentary rocks derived from the erosion of 
igneous rocks may be sources of helium because of 
the uranium and thorium content of the sediments. 
(See chapter on “Nuclear fuels.”) Helium atoms, 
because of their very small size and light weight, 
are able to migrate through very small pore spaces 
and fractures to reach traps where other natural 
gases accumulate. 

The minute amounts of uranium and thorium 
present in rocks and the long time required for their 
radioactive decay indicate that time is an important 
factor in the accumulation of helium deposits. Hy- 
drocarbon gases form comparatively quickly, and 
the greatest volumes have been found in Tertiary 
and Cretaceous rocks. Helium concentrations, on the 
other hand, are largest in the Paleozoic rocks. Some 
of the gas fields of the United States and Canada 
which contain comparatively high percentages of 
helium are listed in table 56. 
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The information in table 56 suggests the follow- 
ing potential source rocks and localities, both within 
and outside oil and gas areas, in which future ex- 
ploration for helium may hold promise. 


1. Black shales and other dark-colored sedimentary 
rocks having comparatively high radioactivity 
and of large extent and volume could generate 
helium that would be trapped in overlying 
rocks, particularly in rocks of Paleozoic age. 
Examples of such possible source rocks are 
the Pennsylvanian Heebner Shale Member of 
the Oread Limestone in shales of the Pennsyl- 
vanian Cherokee Group in Kansas and equiva- 
lents in Oklahoma and the Devonian and Mis- 
sissippian Chattanooga Shale and equivalents 
of the midcontinent region. Gamma-ray logs 
of these rocks reveal high radioactivity. 


2. Granitic rocks of basement highs and “granite 
wash” derived from these highs are the prob- 
able sources of helium in the Panhandle and 
Otis-Albert gas fields (table 56). Little natural 
gas has been found north and northeast of the 
Central Kansas uplift, but study of the base- 
ment rock map of the United States (Bayley 
and Muehlberger, 1968) suggests that this 
would be a good area in which to look for gas 
with appreciable helium content. Although gas 
deposits in this area apparently would not be 
large and the gases from them might have 
little or no value as fuel, they would be found 
at comparatively shallow depths. 


3. Igneous rocks apparently are the source of 
helium in the gas fields of New Mexico and 
Arizona listed in table 56. This apparent 
source suggests that other areas of igneous 
activity, which were very extensive in the 
Western United States, may also have helium 
resources both in natural gas deposits and in 
geothermal areas. In many areas, exploration 
and development of geothermal sources of 
energy are receiving much attention, and in 
some of the areas the fluids and gases may be 
abnormally high in helium. 

Most of the gas fields listed in table 56 are on or 
near the highest parts of uplifts. The largest accu- 
mulations of helium in the United States are in 
structurally high areas around the southern, west- 
ern, and northern margins of the Anadarko basin 
of Oklahoma. Natural-gas fields occur also in struc- 
turally lower parts of the basin, but these do not 
contain large amounts of helium. Contours of the 
basement surface on the basement rock map of the 
United States (Bayley and Muehlberger, 1968) de- 
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TABLE 56.—Some known deposits of helium in the United States and Canada 
Field (except last Concentration (percent) Geologic associations 
State or province entry, which is Age and name of host rock 
a well) He Na CO2 Possible source rocks Remarks 
Large reserves * (1 trillion cubic feet or more of natural gas) 
Kansas, Oklahoma, Hugoton ~_-------- Permian (Wolfcampian) Her- 0.3-1.9 11.1—41.4 0.1— 1.7 Dark shales of the Hugoton embayment 
Texas. ington and Krider Limestone Permian section. of the Anadarko 
Members of Nolans Lime- basin. 
stone, Winfield and Fort Riley 
Limestones, and Towanda 
Limestone Member of Doyle 
Shale and equivalents. 

Texas) S252 o2222- Panhandle ~----_-~- Permian (Wolfcampian) equiva- .1-2.2 3.4-54.7 0-11.7 Uraniferous asphal- On Amarillo- 
lent to Herington and Krider tite and basement Wichita uplift. 
Limestone Members of Nolans igneous rocks. 

Limestone and Winfield and 
Fort Riley Limestones. 
Pennsylvanian granite wash. 

Kansas ~------~--- Greenwood ~___---_ Pennsylvanian (Virgilian) To- A- 7 3.9-28.3 0Q- 3.1 Rocks equivalent to Adjacent to the west 
peka Limestone and (Mis- Heebner Shale Mbr edge of Hugoton 
sourian) Lansing Group. of Oread Ls below field. 

reservoir beds. 

Oklahoma —--~----— Keyes ~~---_------ Pennsylvanian (Morrowan) 32.7 9.6—83.3 .1-16.8 Dark shales of Mor- On the Cimarron 
Keyes sand of subsurface rowan age. uplift updip from 
usage. Greenwood field. 

Moderate or small reserves ‘ (less than 1 trillion cubic feet of natural gas) 

exas@e === Cliffside ~--_-__--- Permian (Wolfcampian) equiva- 1.7—1.8 23.0—-25.2 0.4— 0.8 Uraniferous asphal- On the Amarillo 
lent to Herington and Krider tite in reservoir uplift. 
Limestone Members of Nolans rocks. 

Limestone. 

Kansas; 25-2 — =~. Otis-Albert ~--_---_ Cambrian-Ordovician basal 1.2-2.3 9.1-31.0 .1— .4 Precambrian granite, On Central Kansas 
sand (Cambrian Reagan(?) schist and quartz- uplift. 
Sandstone). ite. 

Colorado ~-----_--- Model Dome ___---- Permian Lyons(?) Sandstone -_ 6.7-83 75.7—-717.9 13.9-14.8 Precamprien crystal- On Apishapa uplift. 

ine rocks. 

New Mexico —------ Hogback ~___-_--_- Pennsylvanian Hermosa Forma- 1.4—8.0 16.5—79.9 .1-20.8 Deep-seated igneous Volcanic necks and 
tion. intrusion. dikes in the area. 

Rattlesnake ---~--- Mississippian Leadville Lime- 7.5-8.0 71.3—76.6 T= GY3 eet) soot Do. 
stone and Devonian Ouray 
Limestone. 

Arizonag (> 22205=—== Pinta Dome _-~---- Permian Coconino Sandstone __ 5.6—9.8 86.3-93.7 (S 2) 200 sesceoscees Igneous plugs and 
dikes in the area. 

Utahwos-=——-—s-———— Lisbon —~~-------- Mississippian Leadville Lime- -8-1.1 6.7-17.7 21.1-31.3 Mississippian and Gas in Pennsylvan- 
stone. Devonian shales ian Hermosa For- 

and Pennsylvanian mation has very 
Molas Formation little He. 
and regolith. 
Harley Dome —--~-- Jurassic Entrada Sandstone —~_ 7.0 84.5 1.0 Precambrian rocks ~ On Uncompabere 
uplift. 
Woodside Dome -_-_Permian Coconino Sandstone —_ 1.3 64.0 GUO see@l) concsenessss ee Sen Rafael 
well. 

Wyoming --------_ Dipelopee==——————— Ordovician Bighorn Dolomite —_ 8 6.5 RRS =o e666 sass5 From one well that 
penetrates thrust 
plate. 

Montana —-~--—-_- Cabin Creek ~------ Cambrian sandstone -_--_---~- A 89.3 dO went ceestossess= Fault and fractures 
on west flank. 

SW. Saskatchewan, Wilhelm well 1-9 --_Cambrian siltstone and mud- 1.0-2.0 96:0 ee Be) eee Gas at 200 ft above 

Canada. stone. Precambrian 


erosion surface. 


1]Tdentified deposits from which gas can be extracted profitably with existing technology and under present economic conditions. 


fine broad areas of uplift in much of the country 
where helium might be expected to accumulate. 

The principal submarginal resources of helium are 
in the earth’s atmosphere, where the average helium 
content is about 5 ppm (Rankama and Sahama, 
1950). Even at this low concentration, the total 
quantity in the atmosphere is about 690 trillion 
cubic feet. 


PROBLEMS FOR RESEARCH 


Analyses of the uranium and thorium content of 
igneous and metamorphic rocks underlying the sedi- 
mentary rock section would be useful in identifying 
the sources and explaining the distribution of helium 
in natural gases. The basement rock map of the 
United States (Bayley and Muehlberger, 1968) 
shows the locations of wells that have penetrated 
the sedimentary rocks to the basement. 


The many thousands of analyses of natural-gas 
samples made and published by the U.S. Bureau of 
Mines since World War I are a store of data that 
lends itself to a statistical approach in the investi- 
gation of the origin, occurrence, and distribution of 
helium. 

In gases unsuitable for fuel because of high nitro- 
gen or carbon dioxide content, evaluation of helium 
resources is a problem because of lack of further 
drilling after the original discovery wells. Such 
gases represent some of the best potential resources, 
and proved reserves of helium possibly could be 
established with further drilling. 

In much natural gas used as fuel, helium is not 
being recovered and thus is wasted. Most helium is 
now recovered in big plants located where a large 
flow of pipeline gas from an extensive producing 
area can be diverted through the plant. If a better 
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and cheaper method could be found for recovering 
helium, then smaller plants could be built in scat- 
tered gas fields to recover helium that is now being 
wasted. 
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ABSTRACT OF CONCLUSIONS 


Iron is the principal metal employed in modern industrial 
civilization and is indispensable to everyday living. Annual 
world production of iron ore is approximately 750 million 
long tons. The United States produces more than 80 million 
tons of iron ore per year, of which about 80 percent is from 
the Lake Superior region. World trade in iron ore is nearly 
300 million tons per year and is highly competitive. The 
United States has sufficient reserves and potential resources 
of iron ore to meet its needs for many decades but imports 
about one-third of the iron ore it consumes. Most of the im- 
ports are from Canada and South America. 

The principal iron-ore minerals are the iron oxides—mag- 
netite, hematite, and goethite. Bedded sedimentary deposits 
of these minerals in Precambrian banded iron-formations 
containing 30 percent or more of iron are the principal 
sources of iron ore. The six majcr continents contain vast 
known iron-ore resources. Identified world resources of iron 
ore, including reserves, exceed 780,000 million tons. Iron-ore 
reserves in the United States are about 9,000 million tons, 
and total identified U.S. iron-ore resources, including re- 
serves, are 100,600 million tons. These are mainly in the 
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Lake Superior region, in low-grade ores that require bene- 
ficiation and agglomeration to make them usable. 

Research is needed to appraise the economic potential of 
domestic iron-ore deposits, to develop better techniques for 
utilizing low-grade ores, and to minimize environmental 
problems resulting from mining and processing the ores. 


INTRODUCTION 


Iron is the principal metal employed in modern 
industrial civilization. It is an abundant and readily 
extractable gray metal that has a favorable com- 
bination of physical characteristics such as hard- 
ness, strength, and durability combined with prop- 
erties that make possible its fabrication into a 
myriad of useful forms. Alloying of iron and other 
elements to form steels, in which one or more of 
the desirable properties of iron are greatly en- 
hanced, has greatly extended the usefulness of the 
metal. In addition to its many applications in metal- 
lic form as steel, iron is combined chemically with 
many other elements to produce many useful com- 
pounds. 

The history of man in terms of use of materials 
has progressed from the stone age through the 
bronze age through the iron age, and even though 
the present period is sometimes referred to as the 
atomic age, iron in the form of steel still is a basic 
necessity in the technological fabric of nations. 

The industrially developed nations of the world 
could not maintain their present high standards of 
living without the continued production and use of 
large quantities of iron and steel products. Nations 
are ranked in industrial development partly on the 
basis of total production and per capita consumption 
of steel. The higher levels in standard of living 
toward which the peoples of developing nations 
strive involve ever-increasing use of steel. 

Iron and steel have become indispensable in our 
everyday living. They are used in structural compo- 
nents, transportation equipment, tools, containers, 
fasteners, pigments, and many other materials. A 
measure of the sustained use of steel in our economy 
is indicated by the records of steel production in 
the United States during the past two decades as 
shown in figure 33. 

This graph tells only part of the story, for it does 
not indicate steel imports. Large cumulative quan- 
tities of iron and steel products are being used in 
the form of durable items such as bridges, building 
frames, pipelines, railroads, wire, and countless 
other items that perform their functions for decades 
or longer. 

Although other materials, such as wood, alumi- 
num, and plastics, are and may continue to be used 
as substitutes for steel in some items of manufac- 


UNITED STATES MINERAL RESOURCES 


135 


125 


= 
= 
ou 


MILLIONS OF SHORT TONS 
° 
oa 


95 


85 


ad ell 


1951 1955 1959 1963 1971 


1967 


FIGuRE 33.—Steel production in the United States, 1951-71. 
Data from U.S. Bureau of Mines Minerals Yearbooks 
(1951-70) and Commodity Data Summaries (1972). 


ture, there are no practical substitutes for iron and 
iron alloys—steel—for a broad spectrum of pur- 
poses. The development of special varieties of steel, 
however, has reduced the amount of steel needed 
for many purposes. Stronger steel for structural 
purposes, such as in building frames and bridges, 
provides equal or greater strength with less material 
than ordinary steel, and corrosion-resistant steels 
used in place of ordinary steels have extended the 
period of usefulness of other items. The recycling 
of scrap metal has also reduced the amount of pri- 
mary metal required to meet demand. Consumption 
of iron and steel scrap in the United States in 1971 
was estimated to be more than 80 million short tons 
(U.S. Bur. Mines, 1972). 

World production of iron ore has trebled during 
the past two decades, rising from 250 million long 
tons in 1950 to approximately 750 million tons in 
1971, as shown in figure 34. Also shown in figure 
34 is world trade in iron ore, which has more than 
doubled since 1955. During the same period annual 
domestic production of iron ore in the United States 
has fluctuated between about 60 million tons and 
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Figure 34.—World production and world trade in iron ore 
since 1951. Data from Institute of Geological Sciences 
(1971) and from U.S. Bureau of Mines Minerals Year- 
books (1951-70) and Commodity Data Summaries (1972). 


118 million tons and in recent years has been be- 
tween 80 and 90 million tons. This is considerably 
lower than it was two decades ago, despite an in- 
crease of nearly 20 percent in domestic consumption. 

A considerable amount of the world trade in iron 
ore has resulted from the investment of American 
capital overseas. This has helped to provide the 
United States with a continuing supply of high- 
grade, low-cost iron ore, but it has also enabled 
other nations to obtain assured supplies and to 
produce fabricated products that compete effectively 
with American goods, both in the domestic market 
and in foreign markets that formerly were depend- 
ent on U.S. sources. 

For many years the United States led the world 
in iron-ore and steel production. However, in 1958, 
the Soviet Union surpassed the United States in 
annual iron-ore production, and in recent years its 
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production has been almost double that of the United 
States, (U.S. Bur. Mines Minerals Yearbooks 1958- 
70). Similarly, the United States led the world in 
steel production until 1971, when it was surpassed 
by the Soviet Union (Deily, 1972). Japan’s steel 
production has risen to a level equal to 80 percent 
of that of the United States. The steel industry in 
the Soviet Union is based wholly upon domestic 
resources. In contrast, that of Japan is almost en- 
tirely dependent upon imports of both iron ore and 
fuel, yet Japan is a net exporter of steel products 
to the United States. 

The United States has sufficient reserves and po- 
tential resources of iron ore and has the productive 
capacity to meet its needs for iron and steel for 
many decades. However, for economic and other 
reasons, the United States is a net importer of fin- 
ished steel and iron ores. The domestic consumption, 
production, amounts produced in the Lake Superior 
region of the United States, and imports of iron ore 
for consumption in the United States in the period 
1951-71 are shown in figure 35. 
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In recent years approximately one-third of the 
iron ore consumed in the United States has been 
imported (Wimpfen, 1971). About 50 percent has 
come from Canada, about 40 percent from South 
America, 5 percent from Africa, and the remainder 
from Australia, western Europe (mostly from Swe- 
den), Asia, and Oceania. No iron ore is imported 
from the eastern European countries or from east- 
ern continental Asia. The sources and quantities of 
imports of iron ore to the United States during the 
past decade are indicated in figure 36. 
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FIGURE 36.—Sources and amounts of iron ore imported to 
the United States, 1961-71. Data from Institute of Geologi- 
eal Sciences (1971) and from U.S. Bureau of Mines Min- 
erals Yearbooks (1961-70) and Commodity Data Sum- 
maries (1972). 
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Canada, Venezuela, Liberia, Chile, Peru, Sweden, 
and more recently Australia, have been substantial 
suppliers of iron ore to the United States. The 
value of iron ore imported to the United States has 
exceeded 400 million dollars per year in recent years, 
while the value of iron ore exported from the United 
States has been less than 70 million dollars per year, 
as shown in figure 37. 
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FIGURE 37.—Value of United States imports and exports of 
iron ore, 1951-71. Data from U.S. Bureau of Mines Min- 
erals Yearbooks (1951-70) and Commodity Data Sum- 
maries (1972). 


EXPLOITATION 


Iron ore has been produced in 45 of the 50 States 
of the United States (Dutton, 1955; United Nations, 
1970; see also data in U.S. Bur. Mines Minerals 
Yearbooks 1932-70 and U.S. Geol. Survey and U.S. 
Bur. Mines Mineral Resources of the United States 
1882-1931). Only Kansas, Louisiana, Nebraska, 
North Dakota, and Hawaii have no record of iron- 
ore production. 
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Iron furnaces were built in Virginia and Massa- 
chusetts in the 1600’s, and before the Civil War 
furnaces using local iron ores were producing in 
most of the Eastern States, as reported in early vol- 
umes of Mineral Resources of the United States. 
Quantitative data on production for the early period 
of American history are scarce, but in 1854, produc- 
tion of iron was about 657,000 tons. This probably 
required approximately 1.5 million tons of ore. 

Iron-ore production increased slowly prior to the 
Civil War, but between 1870 and 1917, it more than 
doubled in each 15-year period. Annual production 
has reflected trends in the business cycle and pe- 
riods of high wartime demand, as indicated in 
figure 38. 

The rate of growth of domestic iron-ore produc- 
tion has been greatly changed by the increase in 
imports, as shown in figure 35. 

The significance of iron-ore production in the Lake 
Superior region is evident in the record of ore ship- 
ments. Production from the Marquette iron Range 
began in 1854, from the Menominee Range in 1877, 
and from the Gogebic Range in 1884; by 1890 the 
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Lake Superior mines furnished 56 percent of the 
total output. The first shipments from the Mesabi 
Range were in 1893, and with a few years the Me- 
sabi Range attained a position of dominance that 
has been maintained to the present. By 1907, 80 
percent of the national production was from the 
Lake Superior region. Total production through 
1970 from this region exceeded 4,000 million tons, 
two-thirds of which was from the Mesabi Range. 

Iron-ore shipments in the United States since 1910 
have exceeded 4,350 million tons, of which about 81 
percent has been produced and shipped from the 
Lake Superior region (Alm and Trethewey, 1971; 
Am. Iron Ore Assoc., 1970; see also data in U.S. 
Bur. Mines Minerals Yearbooks 1932-70 and U.S. 
Geol. Survey and U.S. Bur. Mines Mineral Resources 
of the United States 1910-31). The Southeastern 
States produced about 8 percent, the Western States 
about 6 percent, the Northeastern States about 4 
percent, and the rest of the United States about 1 
percent. 

Prior to about 1950, most of the material mined 
and shipped from the Lake Superior region was of 
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Figure 38.—Iron-ore production in the United States and in the Lake Superior region of the United States, 1875-1971. 
Data from U.S. Geological Survey and U.S. Bureau of Mines Mineral Resources of the United States (1882-1931) and 
from U.S. Bureau of Mines Minerals Yearbooks (1932-70) and Commodity Data Summaries (1972). 
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direct-shipping ores or of ores that had been bene- 
ficiated by simple washing techniques (Dutton, 
1955). As a result of continued large-scale produc- 
tion, resources of direct-shipping ore were rapidly 
becoming depleted, and efforts were made to obtain 
alternate sources of ore. Imports were increased 
rapidly during the 1950’s. Since 1964 imports have 
exceeded 40 million tons per year, as shown in 
figure 36. 

During the 1950’s, however, the Lake Superior 
iron mining industry underwent a _ technological 
revolution with the development of processes for 
large-scale treatment of low-grade material to pro- 
duce high-grade agglomerates. The agglomerates, 
principally in the form of pellets, are ideal furnace 
feed. The net result has been displacement of direct- 
shipping ore by pelletized concentrates produced 
from low-grade ores. Jet-drilling, autogenous ore- 
grinding, magnetic concentration and flotation, and 
pelletizing now are common practice not only for 
low-grade ores but also for those of higher grade. 
The successful research that led to these develop- 
ments has vastly increased the reserves of minable 
ore not only in the Lake Superior region but also 
throughout the world. 


BYPRODUCTS AND COPRODUCTS 


The banded iron-formations that make up the 
bulk of the iron resources of the world generally do 
not contain significant amounts of byproduct or co- 
product other than manganiferous iron ore. 

Other types of iron deposits, however—particu- 
larly those related to igneous activity, some deposits 
related to surface and near-surface enrichment, and 
iron-rich placer deposits—commonly contain recov- 
erable or potentially recoverable materials in addi- 
tion to iron (Dutton, 1955; United Nations, 1970). 
These are gold, silver, copper, cobalt, titanium, tin, 
manganese, chromium, nickel, vanadium, zinc, sul- 
fur, phosphates, rare earths, aluminum, fluorine, 
beryllium, uranium, thorium, and zirconium. In the 
United States, gold, silver, copper, and cobalt are 
recovered from iron ore in Pennsylvania and tita- 
nium from deposits in New York; phosphate min- 
erals are potentially recoverable from iron deposits 
in New York and Missouri. Some of these phosphate 
minerals also contain rare earths, uranium, and 
thorium. Titanium is recovered from iron sands in 
Japan, vanadium from iron deposits in South Africa 
and Peru, and phosphates from deposits in Sweden. 
Tin may be recoverable from iron deposits in Malay- 
sia and nickel, chromium, and aluminum from 
lateritic deposits in several tropical areas. Iron has 
been recovered from nickel ores in Canada and from 
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sulfide-rich copper deposits in the Western United 
States. Zircon and associated titanium minerals have 
been recovered from iron-rich sands in Italy. 

In addition to the metal and mineral byproducts 
and coproducts, the waste rock from mining and the 
tailings from ore beneficiation plants are valuable 
resources in some areas such as the Northeastern 
United States. They are used for road metal and for 
fill for construction purposes, and sand- and gravel- 
sized materials from some of these plants have been 
used in making concrete. 


ENVIRONMENTAL PROBLEMS 


The mining and processing of iron, as with other 
metals required to sustain the economy, have un- 
desirable environmental consequences. Those spe- 
cifically associated with iron are chiefly factors of 
scale: the mines and recovery plants are huge, 
transportation systems are complex, and furnaces 
and steel mills are major industries in themselves. 

Most of the iron ore produced in the United States 
is extracted from open pits, which in the Mesabi 
district are a mile or more wide, many miles long, 
and several hundred feet deep. The tonnage of 
waste material produced in stripping operations 
commonly is two to three times that of the ore 
mined, and this mass must be disposed of. In the 
past, most of the waste has simply been accumulated 
in great unsightly piles adjacent to the mining op- 
eration. This spoil could, however, either be returned 
to mined-out areas or distributed in a beneficial 
manner. Part of the waste may be processed as 
low-grade ore. 

The pits themselves, after mining ceases, have 
the potential for environmental enhancement, since 
most will fill with water and thus become manmade 
lakes. To make these lakes usable for recreational 
and other purposes, however, the bounding walls 
would have to be reduced to a stabilized configura- 
tion to protect against hazardous slumping and to 
provide access. The cost would be substantial, and 
careful planning before and during the mining 
operation would be necessary. The added cost would 
place the domestic industry at a competitive dis- 
advantage with less restrained foreign producers, 
but at the national level it would yield lasting bene- 
fits to the present and future population of the 
eountry. 

Perhaps a more difficult problem is posed by dis- 
posal of the large amounts (more than 50 million 
tons per year) of finely ground waste (fines) pro- 
duced in the United States in the extraction process 
whereby taconite containing about 30 percent iron 
is concentrated to a product containing 60 percent 
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or more iron. The traditional method is to deposit 
this waste, which initially is in the form of a slurry, 
in settling ponds. The waste itself is not chemically 
reactive—it consists mainly of quartz—but because 
of the fine grain size the settled material effectively 
chokes off organic life. No satisfactory alternative 
for large-scale disposal or utilization of this material 
has yet been devised, and the problem deserves in- 
tensive research. 


GEOLOGIC ENVIRONMENT 


Tron is one of the more abundant and ubiquitous 
elements in the earth’s crust. Common sedimentary 
rocks contain 2-3 percent iron and basalt and gab- 
bro contain about 8.5 percent; the average content 
of crustal rocks is about 5 percent. Rock mined eco- 
nomically ranges in iron content from about 20 
percent to 69 percent, so the concentration factor 
(“concentration clarke”) relating crustal abundance 
to minable ore is very low—4—14, as compared with 
factors of 102 or 10? for elements such as manganese, 
chromium, copper, and lead (James, 1966). 

The ability of iron to exist in more than one 
valence state, coupled with its general abundance, 
accounts for the presence of iron minerals in de- 
posits of widely different character and associations. 
The geochemical cycle of iron is complex, but it is 
reasonably well known and contains may points at 
which the element can be trapped to form significant 
concentrations. Economically minable deposits are 
formed by magmatic segregation, hydrothermal 
replacement, direct sedimentation and diagenesis, 
and weathering processes at the surface and in the 
subsurface. 


ORE MINERALS 


Nearly 300 minerals contain iron as an essential 
component, but only about six of them can be classed 
as ore minerals, and of these only the oxides— 
magnetite, hematite, and goethite (limonite)—are 
of major importance (Gross, 1965; James, 1966; 
United Nations, 1970). Siderite (the iron carbo- 
nate), pyrite and pyrrhotite (iron sulfides), and 
chamosite (an iron silicate) are mined locally, but 
deposits of these minerals are at present of minor 
economic significance. Ilmenite, the iron-titanium 
oxide, is a potential source of byproduct iron, but 
it cannot be classed at this time as an iron-ore 
mineral. 

The ore minerals are listed as follows: 

Magnetite (Fe,0,).—Black, strongly magnetic. 
Iron content, 72.4 percent. Principal ore mineral of 
those parts of Precambrian banded iron-formations 
mined as taconite; associated with quartz and gen- 
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erally minor amounts of iron carbonate and iron 
silicates. Principal ore mineral of replacement de- 
posits, in which associated minerals vary with type 
of deposit but commonly include specularite, pyrite, 
and pyrrhotite, and silicates such as garnet and 
actinolite. 

Hematite (Fe.0;).—Black (if coarse) to red (if 
fine), depending upon grain size; virtually nonmag- 
netic. Iron content, 70 percent. As specularite, a 
common and locally important ore mineral with 
magnetite in taconite and in replacement deposits. 
As red iron oxide, a principal constituent of sec- 
ondary (direct-shipping and semitaconite) deposits 
in Precambrian iron-formations, associated with 
goethite (limonite), and in younger sedimentary 
oolitic ironstones, associated with goethite, calcite, 
and clastic quartz. 

Goethite (Fe.0;-H.0).—Yellow to dark brown, 
commonly soft and earthy, may be hard and brittle; 
nonmagnetic. Iron content, about 60 percent. 
Limonite is the general term applied to earthy or 
impure goethite. Principal constituent of ores origi- 
nating by surface or near-surface weathering proc- 
esses, aS in laterites; associated minerals mainly 
hematite and clay minerals. 

Siderite (FeCO;).—Gray, but exposed material 
quickly acquires tan or reddish color owing to sur- 
face oxidation; nonmagnetic. Iron content of pure 
mineral is 48 percent, but in most siderite the iron 
is replaced by significant amounts of manganese, 
calcium, or magnesium. A major constituent of Pre- 
cambrian iron-formations and of some younger 
ironstones, but in North America mined as an iron 
ore only in the Michipicoten district of Ontario, 
where it is associated with pyrite. 

Pyrite (FeS.) and pyrrhotite (Fe:_,S).—Yellow, 
with metallic luster; pyrrhotite is weakly magnetic. 
Pyrite is a principal mineral in the relatively scarce 
sulfide facies of Precambrian iron-formations and 
younger ironstones; mined as an iron ore in North 
America only in the Michipicoten district of On- 
tario (see above). Surface oxidation of pyrite and 
pyrrhotite bodies gives rise to deposits of iron ox- 
ides that have been mined locally. 

Chamosite ((Mg,Fe,Al),(Si,Al).0:,(OH):). — 
Greenish, fine-grained, chloritelike; nonmagnetic. 
Major constituent of post-Precambrian oolitic iron- 
stones; locally mined as ore in Europe, associated 
with siderite and goethite. 


CLASSIFICATION OF DEPOSITS 


The ores of iron fall into four main categories, 
based on mode of origin (James, 1966). The genetic 
classification outlined below is basically geologic 
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rather than economic, but it does, however, provide 
a practical means of grouping characteristics such 
as mineralogy, tonnage-grade factor, form, and pro- 
jection in depth, that are of prime importance to 
assessment of resource potential. The major cate- 
gories, together with the more significant subdivi- 
sions, are listed as follows and are discussed in 
more detail in succeeding paragraphs. 

I, Bedded sedimentary deposits: 

A. Banded iron-formations, almost exclusively 
Precambrian. 

B. Ironstones, mainly post-Precambrian. 

C. Miscellaneous sedimentary deposits, in- 
cluding “black band” siderite, bog iron, 
and clastic accumulations. 

Deposits related directly to igneous activity: 

A. Magmatic segregations. 

B. Pyrometasomatic deposits. 

Deposits formed by hydrothermal solutions: 

A. Replacement deposits in nonferruginous 
rocks. 

B. Enrichments of preexisting ferruginous 
rocks. 

Deposits produced by surface or near-surface 

enrichment: 

A. Laterites. 

B. Enrichments of low-grade ores. 


II. 


III. 


IV. 


BEDDED SEDIMENTARY DEPOSITS (I) 


The principal concentrations of iron in the earth’s 
crust are products of chemical sedimentation, which 
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have been modified by wave and current action, by 
chemical and mineralogic changes that take place 
below the depositional interface (diagenesis), and 
by mineralogic changes induced by heat and pres- 
sure in burial environments. 


BANDED IRON-FORMATIONS (I-A) 


Banded iron-formations occur as sedimentary 
units in Precambrian rocks throughout the world. 
They constitute the greatest single source of iron 
now being mined and contain the largest potential 
resources. The rock has been defined as follows: 
“a chemical sediment, typically thin bedded or lami- 
nated, containing 15 percent or more iron of sedi- 
mentary origin, commonly but not necessarily con- 
taining layers of chert.’”’ In some iron-formations 
the iron is in the form of carbonate( siderite, with 
an appreciable content of manganese, magnesium, 
and calcium) or silicate (greenalite, minnesotaite, 
stilpnomelane), and in rare occurrences it is in the 
form of sulfide (pyrite). The most distinctive and 
economically most significant rock type, however, 
consists of iron oxides (magnetite or hematite) and 
chert (or its recrystallized equivalent) in alternat- 
ing thin layers, with an iron content commonly in 
the range of 25 to 40 percent. Each of the sedi- 
mentary facies—oxide, carbonate, silicate, sulfide— 
has the distinctive aspects of mineralogy, total iron 
content, and structure that are summarized in 
table 57. 


TABLE 57.—Principal features of the iron-formation facies (modified from James, 1966) 


Silicate Oxide 


Sulfide Carbonate 


Nongranular 


Granular Magnetite-banded Hematite-banded 


Lithology -_~-| Laminated to thin- 
banded black py- 
ritic carbonaceous 


slate. Chert rare. 


Thin-bedded to 
laminated rock 
consisting of 
alternating layers 
of gray chert and 
carbonate. 


rare. 


Laminated light- 
green to greenish- 
black rock. Chert 


Massive dark- 
green rock with 
irregular bedding 
marked by layers 
of chert and 
magnetite. 


Dark, thin-bedded 
to irregularly 
bedded rock con- 
sisting of layers of 
magnetite alter- 
nating with layers 
of dark chert, 
green silicates, or 
Bilicates plus 


Thin-bedded to 
irregularly bedded 
rock consisting of 
alternate layers of 
crystalline hematite 
and gray chert or 
reddish jasper. 


carbonate. 

Principal iron] Pyrite _~__________ Iron-rich carbonate _| Iron silicate Iron silicate Magnetite ~-------_ Crystalline 

mineral. (minnesotaite, (greenalite, hematite. 
stilpnomelane, minnesotaite, 
chlorite). stilpnomelane). 

Subsidiary Carbonate Pyrite, stilpnome- Carbonate, Magnetite, Greenalite, _ Magnetite 
iron min- (Greenalite). lane, minnesotaite, magnetite. carbonate, minnesotaite, (carbonate). 
erals (rarer magnetite hematite. stilpnomelane, 
minerals in (hematite) . carbonate, 
paren- hematite 
thesis). (pyrite). 

Typical range 15-25 20-35 20-30 20-30 25-35 30-40 
in content 
of metallic 
iron, in 
percent. 

Distinctive Graphiticy = oe Stylolites common __| Laminated Granule-bearing ----| Strongly magnetic —- Locally oolitic. 
features. structure. 


Environment 
of origin. 


Strongly reducing, 


anaerobic. 


Reducing 


Variable, but 
typically mildly 
reducing. 


Mildly oxidizing 
to mildly reducing. 


Mildly oxidizing to 
mildly reducing. 


Strongly oxidizing. 
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Many iron-formations have undergone conditions 
of higher temperature and pressure (metamorph- 
ism) which have changed preexisting minerals to 
silicates such as grunerite, pyroxene, and olivine 
and which have resulted in coarsening of grain size 
of quartz, magnetite, and hematite. Oxide facies of 
iron-formation that has been so metamorphosed is 
the most suitable as a low-grade ore (taconite) be- 
cause the iron oxides are more readily concentrated 
by milling. In contrast, the more weakly metamor- 
phosed carbonate and silicate facies, generally not 
usable at the present time in the United States as 
low-grade ore, are more susceptible to alteration by 
surface and ground waters and commonly give rise 
to ore bodies of soft limonite and hematite (direct- 
shipping ores) and to deposits classed in the Lake 
Superior region as “wash ores” or “semi-taconite” 
(Dutton, 1955; United Nations, 1970). 

Chemically, the iron-formations are marked by 
extraordinarily low contents of alumina, sodium, 
potassium, and minor elements. Iron and silica gen- 
erally dominate, but in some districts, notably the 
Cuyuna district of Minnesota, the manganese con- 
tent is several percent (Dutton, 1955). 

The banded iron-formations commonly are ex- 
posed as steeply to moderately dipping beds in belts 
a few miles to several tens of miles long (Gross, 
1965). A few, such as those in Labrador, are in 
belts several hundreds of miles long. Thicknesses 
commonly are on the order of a few hundred feet 
but range from less than 25 to more than 2,000 feet. 
With some prominent exceptions, notably the Me- 
sabi Range of Minnesota and the Hamersley Range 
of Australia, the iron-formations are tightly, and 
often very complexly, folded. Dips generally are 60° 
or more, a fact of considerable importance to eco- 
nomic assessment. Aggregate tonnages of rock con- 
taining 20 percent or more iron are enormous, but 
factors such as location, mineralogy, and structure 
are of profound importance in assessment of actual 
potential. 

Prominent examples of this class of iron deposits 
are the iron ranges of the Lake Superior region of 
the United States—Mesabi, Cuyuna, Gogebic, Mar- 
quette, and Menominee; the Michipicoten, Lake 
Albanel-Mistassini, and Labrador districts of 
Canada; the Quadrilatero Ferrifero of Brazil; the 
Krivoi Rog and Kursk districts of Russia; and the 
Hamersley Range of Australia (James, 1966; United 
Nations, 1970). 


IRONSTONES (I-B) 


The strata classed as ironstones contain iron in 
grades comparable to or greater than that of Pre- 
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cambrian banded iron-formations—that is, in the 
general range of 20-40 percent—but they differ 
profoundly in many ways, notably in much younger 
age, in the absence of interlayered chert, and in the 
much smaller dimensions (James, 1966). 

Considerable variety exists within the class, but 
the most common type is thick-bedded rock con- 
sisting of small pellets (ooliths) of limonite, hema- 
tite, or chamosite in a matrix of chamosite, siderite, 
or calcite. Grains of clastic quartz and fossil frag- 
ments form the cores of many ooliths and are dis- 
persed in the matrix, and the acceptability as an 
ore depends in part on the relative amounts of 
quartz and calcite. Rock containing abundant calcite 
may be self-fluxing, whereas content of abundant 
quartz is deleterious. Phosphate minerals are also 
common contaminants in ironstones. As with banded 
iron-formations, ironstones may be divided into ox- 
ide, carbonate, silicate, and sulfide facies, depending 
upon the dominant iron mineral. The rocks originate 
as chemical sediments, but the oolite types—eco- 
nomically the most important—have been pro- 
foundly modified by wave action and transport so 
that chemically heterogeneous assemblages of 
limonite (or hematite), chamosite, and siderite are 
common. 

Thicknesses of ironstone formations range from 
at least a foot to several tens of feet. Beds tend to 
be lenticular on a scale of a few thousand feet or a 
few miles, but a belt of deposits having approxi- 
mately the same age may continue for hundreds of 
miles, as for example those in the Clinton Forma- 
tion of Silurian age that extend from Alabama to 
New York. In general, thicknesses and lateral ex- 
tents of ironstones are an order of magnitude less 
than those of banded iron-formations, consequently 
potential tonnages probably are less than 1 percent 
of those contained in the older rocks. 

Because of the prime importance of location, ease 
of beneficiation, and local near-surface enrichment, 
many ironstones have been and are being mined. 
The relative importance of these ores in world pro- 
duction, however, is decreasing. The most important 
region of economic extraction was in northern 
Europe—England, France, Luxembourg, and Ger- 
many—where the ironstones of Jurassic age have 
been mined for generations. In North America, the 
most important examples have been the Clinton ores 
of Silurian age in the Birmingham district of Ala- 
bama and the Wabana ores of Ordovician age in 
Newfoundland (United Nations, 1970). 


MISCELLANEOUS SEDIMENTARY DEPOSITS (I-C) 


Iron has been extracted in the past from a variety 
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of sedimentary rocks other than banded iron- 
formation and ironstone, but these are of little 
present or potential importance. Bog-iron deposits, 
which are accumulations of iron oxides in swampy 
areas or shallow lakes in northern latitudes, have 
been mined in northern Europe and North America 
(James, 1966). 

“Black band” and “clay band” are deposits of 
siderite that occur as thin layers in coal sequences; 
they once were mined extensively in Great Britain. 
Possibly of greater potential significance are clastic 
accumulations of iron minerals (black sands) such 
as occur in southeastern Alaska and New Zealand; 
these, however, typically contain abundant ilmenite, 
the iron-titanium oxide, and recovery of iron de- 
pends upon the economic feasibility of separation 
and recovery of titanium (United Nations. 1970). 


DEPOSITS RELATED DIRECTLY TO IGNEOUS ACTIVITY (Il) 


Iron may be concentrated during crystallization 
of igneous rocks in several ways: (1) as a constitu- 
ent of early formed minerals such as ilmenite that 
may have settled to the base of the magma cham- 
ber, (2) as a late-stage magmatic fraction from 
which iron minerals are precipitated after most 
other constituents have crystallized, and (3) as a 
constituent of fluids (gases and aqueous liquids) 
that escape the magma chamber and deposit iron 
minerals in surrounding rocks (James, 1966). The 
first two constitute category II-A; the third (and 
quantitatively probably most important), category 
II-B. 


MAGMATIC SEGREGATIONS (II-A) 


Magmatic segregations of iron fall into two main 
groups: titaniferous and nontitaniferous. 

The titaniferous ores occur as layers and segre- 
gations in gabbro, pyroxenite, and anorthosite. The 
deposits in gabbro and pyroxenite commonly are 
crudely layered lenses of magnetite, ilmenite, and 
silicates such as pyroxene. Content of iron gen- 
erally is about 20 percent, and that of titanium is 
2 percent or more. Many of these deposits, particu- 
larly in Alaska, are of considerable thickness and 
extent, but as with the titaniferous black sands re- 
ferred to previously, their significance as potential 
sources of iron hinges largely on the feasibility of 
separating iron from titanium economically (United 
Nations, 1970). Most of the ores occurring in anor- 
thosite are of quite different character. These are 
irregular masses and dikes of coarse-grained ilmen- 
ite, magnetite or specularite, feldspar, ulvospinel 
(Fe.TiO,), and rutile (TiO.), often in complex 
intergrowths on a microscopic scale. Deposits are 
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abundant in the belt of Precambrian anorthosite 
bodies that extends from upper New York State 
northward into Quebec and Labrador. The iron con- 
tent of some deposits, such as the one at Allard 
Lake, Quebec, is about 40 percent, but the ore is 
exploited primarily for titanium and iron recovered 
as a byproduct. 

Nontitaniferous magmatic segregations are not 
abundant in North America, but they form the 
great ore bodies of the Kiruna, Rektor, and other 
districts of northern and central Sweden (United 
Nations, 1970). These Swedish deposits occur within 
syenite porphyry and quartz porphyry as massive 
sheets or irregular veinlike masses composed of 
magnetite and minor amounts of hematite. The main 
body at Kiruna is a steeply dipping sheet several 
hundred feet thick and at least 14,000 feet long. The 
iron content is 60-65 percent. Phosphorus content 
is high, commonly 1—2 percent, and this may have 
been a significant factor in the evident ability of a 
concentrated iron fluid to separate, remain molten, 
and ultimately intrude solidified parts of the parent 
igneous body. 

The important ore bodies of Precambrian age in 
Missouri, such as those at Pea Ridge and Pilot Knob, 
are similar in occurrence and association to the 
Kiruna deposit and are so classed in this report. 
Some marginal parts of these ore bodies, however, 
show indications of hydrothermal activity, and there 
may well be all gradations between a purely mag- 
matic concentration and a high-temperature hydro- 
thermal transfer of iron to form replacement ore 
deposits in peripheral rocks. 


PYROMETASOMATIC DEPOSITS (II-B) 


This category encompasses a rather wide variety 
of deposits that have igneous (presumably genetic) 
associations ranging from diabase to syenite. 

The typical pyrometasomatic or contact meta- 
morphic deposits are replacements, most commonly 
in limestone, at or near a contact with the parent 
igneous rock. An important group in the United 
States is related to Triassic diabase sills that occur 
in a belt that extends intermittently from Connecti- 
cut to South Carolina. The known deposits of iron 
ore, however, are restricted to a 75-mile segment 
that centers at Cornwall, Pa. (Carr and others, 
1967). The deposit at Cornwall, which has been 
mined since 1792, is the type example; here the ore 
occurs in two separate bodies replacing limestone 
of Cambrian age (Dutton, 1955). The ore bodies are 
tabular masses about 100 feet thick and half a mile 
to a mile long, and they extend downdip for as much 
as 2,400 feet. The ore contains about 40 percent iron 
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as magnetite, which is associated with sulfides, 
among which pyrite and chalcopyrite are dominant. 
Actinolite and chlorite are the chief gangue min- 
erals. Copper, silver, gold, and cobalt are recovered 
as byproducts (United Nations, 1970). Elsewhere in 
Pennsylvania, similar ore deposits are found in Pre- 
cambrian marble and in Triassic limestone conglom- 
erate in each case in close proximity to a sheet of 
diabase. The relationship between diabase, lime- 
stone, and ore is incontrovertible, but the precise 
origin of the ore-forming fluids is less evident. 

Pyrometasomatic ore bodies related to quartz 
monzonite are fairly common in the Rocky Moun- 
tain region of the United States, and some are of 
large dimensions (Carr and others, 1967; United 
Nations, 1970). The mined deposits of the Iron 
Springs district, Utah, occur at or near the contacts 
of laccolithic bodies of quartz monzonite of Tertiary 
age with limestone of Jurassic age. Dimensions are 
on the order of a thousand feet in strike and dip 
length, with thicknesses of as much as 230 feet. The 
iron content is about 50 percent, and the iron is in 
the form of magnetite. Gangue minerals include 
phlogopite and fine-grained calc-silicates, and sig- 
nificant amounts of apatite; phosphorus content is 
as much as 5 percent in places and averages 0.2 
percent. The ore was deposited by fluids emanating 
from the intrusive quartz monzonite. 


DEPOSITS FORMED BY HYDROTHERMAL SOLUTIONS (III) 


Many iron deposits are hydrothermal in origin— 
that is, they were deposited by heated aqueous fluids. 
These fluids may have originated from relatively 
distant bodies of crystallizing magma, or they may 
simply represent waters of any origin that have 
circulated at depth to acquire the necessary heat. 
Similarly, the iron may be of primary origin from 
a magma, or it may have been leached from rocks 
being traversed by the solutions. The deposits of 
hydrothermal origin can be divided into two gen- 
eral groups: those in which the iron has been de- 
rived from a distant source, then transported and 
deposited in virtually nonferruginous rocks; and 
those in which the ores represent a further concen- 
tration of iron in rocks that are themselves rela- 
tively iron rich. 


REPLACEMENT DEPOSITS IN NONFERRUGINOUS ROCKS (III-A) 


Deposits of small to medium size are common in 
areas of relatively recent magmatic activity, as in 
the Western United States, and a genetic relation 
generally is inferred. Most occur as pods, veins, and 
lenses in volcanic rocks, brecciated igneous rocks, 
and limestone (Carr and others, 1967; Dutton, 1955; 
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United Nations, 1970). Magnetite and hematite are 
the typical ore minerals and occur mainly in asso- 
ciation with pyrite and chalcopyrite, but some veins 
and bedding replacements consist wholly or largely 
of siderite. The largest production in the Western 
States—several million tons—from deposits of this 
category has been from the Buena Vista Hills dis- 
trict of Nevada. Here the ore occurs as irregular 
bodies of magnetite and hematite in metavolcanic 
rocks and diorite of probable Jurassic age. The host 
rocks are extensively altered to scapolite, a distinctly 
unusual feature in ore deposits of this type. Indi- 
vidual ore bodies in the Nevada deposits have maxi- 
mum strike and dip lengths of several hundred feet, 
and widths rarely exceed 100 feet. 

An unusual group of deposits assigned to this 
category is that of Precambrian age in New York 
and New Jersey (Carr and others, 1967). The ore 
bodies are tabular to pencillike masses of magnetite 
and hematite oriented along the dominant linear 
structure of the enclosing gneiss. The largest known 
ore body is at the Benson mine, New York, on the 
overturned flank and keel of a syncline; it has been 
mined for a strike length of 214 miles and has been 
traced magnetically for an additional 5 miles. Min- 
ing widths are several hundred feet. Ores of this 
group of deposits commonly are relatively low 
grade; the ore at the Benson mine averages about 
23 percent iron, and contacts with the country rock 
are gradational. Gangue minerals are dominantly 
those of the enclosing gneiss: quartz, potassium 
feldspar, sillimanite, garnet, and ferromagnesian 
minerals. Some of the ore contains appreciable 
amounts of titanium minerals. Structurally, these 
deposits have features in common with those of 
category III-B (see below), but no convincing evi- 
dence for an original bed of iron-rich rock has been 
presented ; if one existed, the high titanium content 
suggests that it was deposited as a black sand rather 
than as a chemically precipitated sedimentary iron- 
formation. 


ENRICHMENTS OF PREEXISTING FERRUGINOUS ROCKS (III-B) 


In several places in the world, most notably in the 
Quadrilatero Ferrifero of Brazil, very large depos- 
its of high-grade ore occur within beds of Precam- 
brian iron-formation (United Nations, 1970). The 
ore consists of crystalline hematite (specularite) 
with minor magnetite, locally with retention of the 
thinly layered structure of the original iron-forma- 
tion. Some of the ore is loose and friable. The iron 
content approaches 70 percent, the theoretical con- 
tent of pure hematite, and reserves exceed a billion 
tons. The deposits are believed to have originated by 
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hydrothermal replacement of silica layers along fa- 
vorable structures in the enclosing iron-formation, 
but the source of the solution is unknown. Deposits 
of similar character occur in Liberia, Mauretania, 
India, Australia, and in the now dormant Vermilion 
district of Minnesota. 


DEPOSITS PRODUCED BY SURFACE OR NEAR-SURFACE 
ENRICHMENT (IV) 

Many iron deposits owe their origin to surface or 
near-surface enrichment of rocks of lesser iron con- 
tent. Preexisting iron-bearing minerals are attacked 
by surface and ground waters, and the iron is 
altered to limonite and hematite, often with the loss 
of other elements in solution. In localities where 
surface erosion is minor, or where the oxidation 
occurs below the surface, the result is a progressive 
concentration of iron oxides. Many of these residual 
deposits have been mined in the past, and some 
that are of major economic or potentially economic 
importance remain. 

Two general groupings are convenient: Laterites, 
which are characteristic products of weathering in 
humid tropical climate, and residual enrichments of 
lower-grade iron deposits. 


LATERITES (IV-A) 


The process of lateritization is one of deep chemi- 
cal weathering under tropical conditions with alter- 
nating wet and dry seasons. The nature of the prod- 
uct varies with that of the underlying rock; bauxite, 
for example, is produced by lateritization of rock 
high in alumina relative to quartz and iron min- 
erals. The iron-rich laterites most commonly are 
derived from serpentine, as in Cuba and the Philip- 
pine Islands (Dutton, 1955; United Nations, 1970). 
The material is porous and brown, and it may accu- 
mulate to depths of many tens of feet. Surface areas 
are measured in square miles, and so the potential 
tonnage is very large. The dominant ore mineral is 
limonite (impure goethite), and the iron content of 
the rock commonly is 40-50 percent. Nickel, cobalt, 
and chromium also are concentrated in laterite. The 
major impurity is clay which, along with chromium, 
cobalt, and nickel, inhibits the greater use of laterite 
as an iron ore. Many iron-rich laterites now are 
being mined for nickel alone, but future improve- 
ment of metallurgical techniques may result in 
greater use of laterite as an iron ore, with nickel 
and cobalt, and possibly chromium, as coproducts. 


ENRICHMENTS OF PREEXISTING LOW-GRADE ORES (IV-B) 


Most of the iron ore used in the world to date has 
been produced from deposits arising from the near- 


UNITED STATES MINERAL RESOURCES 


surface enrichment of lower grade material. Before 
the development of a method for processing taco- 
nites, virtually all the production from districts 
such as the Mesabi in the United States and Krivoi 
Rog in Russia was of soft limonite and hematite. 
These direct-shipping ores, with iron contents of 
50-60 percent, and the so-called wash ores and 
semitaconite of the Lake Superior region are prod- 
ucts of deep residual enrichment of primary iron- 
formation, in which oxidation of ferrous minerals 
was accompanied by partial to complete leaching 
and replacement of chert (James, 1966). The en- 
richment extends to considerable depths in many 
parts of the world—commonly to many hundreds of 
feet and in some districts to as much as 5,000 feet. 
The deposits have yielded immense amounts of ore; 
the Lake Superior districts alone have produced 
more than 3 billion tons (Alm and Trethewey, 1971; 
see also data in U.S. Bur. Mines Minerals Year- 
books 1932-1970 and U.S. Geol. Survey and U.S. 
Bur. Mines Mineral Resources of the United States 
1882-1931). 

Many other examples exist of ores that are prod- 
ucts of enrichment. The famous Bilbao deposits of 
Spain consist of massive limonite and hematite de- 
rived by enrichment of preexisting siderite bodies 
(United Nations, 1970). The brown ores of Texas 
and the southeastern United States were formed by 
oxidation and enrichment of Tertiary strata con- 
taining siderite and glauconite. The hard ores of 
the Marquette district of Michigan, which occur at 
the top of the Negaunee Iron-formation, probably 
represent in part a former enrichment and in part 
a clastic accumulation, now profoundly modified by 
metamorphism. 

SUMMARY OF TYPES OF DEPOSITS 

Table 58 presents a general summary description 
of types of iron-ore deposits. Characteristics such 
as iron content and form vary widely in each type, 
but the descriptions given apply reasonably well to 
the major deposits. 


RESOURCES 
IDENTIFIED RESERVES AND RESOURCES 


Vast quantities of iron-ore resources are known 
to exist throughout the world. A recent survey of 
world iron-ore resources by the United Nations 
(1970) indicated world reserves totaling approxi- 
mately 250,000 million metric tons and an addi- 
tional 530,000 million tons of potential iron-ore re- 
sources. The estimated iron-ore resources of various 
parts of the world, slightly modified from the 
amounts listed above, are shown in table 59. 
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TABLE 58.—Summary description of categories of iron ore 
Average Resource potential 
of 
Subdivision and typical Present 
location of typical Principal iron minerals iron Form of exploited deposits importance United 
example content States World 
(percent) 
I. Sedimentary deposits 
I-A. Banded iron-formation: : 
Mabrador, ==—=-=-—--——_ Magnetite, hematite, 33 Bed hundreds of feet thick, Major —~_---- Enormous -- Enormous. 
siderite, iron silicates. tens of miles in strike length. 
I-B. Ironstone: 
Birmingham, Ala. _-_--_ Limonite, hematite, 30 Beds tens of feet thick, miles in Minorg= == Medium -____ Large. 
siderite, chamosite. strike length. 
I-C. Miscellaneous (bog iron, black band siderite, black sands) : 
Limonite, siderite, == Warioust = eee eae ee Negligible -_ Small ~--_-_ Small 
magnetite, ilmenite. 
II. Deposits related directly to igneous activity 
II-A. Magmatic segregations: 
Kiruna, Sweden __-----~_ Magnetite --_----------_ 65 Tabular bodies, hundreds of feet Modest —-~-- Medium —__-_ Medium. 
thick, many thousands of feet 
long. 
II-B. Pyrometasomatic deposits: 
Cornwall, Pa. ---__------ Magnetite, hematite ______ 45 Tabular to podlike deposits, a es2do" =22222 Large -----_ Do. 
few hundred feet thick, a few 
thousands of feet long. 
III. Deposits formed by hydrothermal solutions 
III-A. Replacement deposits in nonferruginous rocks: 
Buena Vista, Nev. ~-_--- Magnetite, hematite, 30 Irregular pods, lenses, stock- Minors === Small __---- Small 
siderite. works; veins. 
III-B. Enrichments of preexisting ferruginous rocks: 
Minas Gerais, Brazil —__ Specular hematite, 68 Tabular bodies parallel or sub- Modest -__-~ Negligible __ Medium. 
minor magnetite. parallel to bedding of enclosing 
iron-formation. Thickness up to 
several hundred feet. 
IV. Deposits produced by surface or near-surface enrichment 
Iv-A. Laterite 
bade 22 ee Limonite, hematite -_--~- 45 Blankets tens of feet thick, tens Minor —----~ Smalls r= 2 Large. 
or hundreds of square miles 
in area. 
IV-B. Secondary enrichments of low-grade iron deposits: 
Lake Superior (direct- Limonite, hematite -----~- 55 Blankets to sacklike bodies, Major ------ Large —---_- Do. 


shipping and wash 
ores). 


dimensions in hundreds to 
thousands of feet. Most 
restricted to depth of a few 
hundred feet below surface, 
but Lake Superior deposits 

ering to several thousand 
‘ee 


TABLE 59.—World iron-ore resources, in millions of metric 
tons, figures rounded (United Nations, 1970) 


continents or regions are not directly comparable in 
terms of iron content. Nevertheless, the total re- 


Country, region, 


Identified resources, ? 


serve figures, even reduced by two-thirds to com- 
pensate for a ratio as low as 3 tons of crude ore to 
1 ton of shipping-grade concentrate from taconite 
ores, represent more than 100 years’ supply at re- 
cent world iron-ore production rates of nearly 750 
million tons per year. The total crude-ore resources, 
including reserves, represent more than 300 times 
the recent annual production of shipping-grade ore. 
At least four nations in the world—U.S.S.R., 


Canada, Brazil, and Australia—have ore reserves 
in excess of 10 billion tons each. Nine—United 


or continent Reserves 1 including reserves 

United States -_-_---___- 9,000 101,000 
North America exclusive of 

United States (mostly 

Canada as water a anaes 36,000 126,000 
South America __-__-_-_- 34,000 94,000 
Munope, sees a 21,000 34,000 
/ Magic 53 Sees eee See ee 7,000 31,000 
Australia and 

New Zealand --------- 17,000 °17,000+ 
LACIE SE OE vee ys 17,000 72,000 
WESS She ee ee ee eee 111,000 304,000 

Total ano * = seas 252,000 779,000+ 
1 Reserves: Identified deposits from which minerals can be extracted 


profitably with existing technology and under present economic condi- 


tions. 
2Tdentified Resources: Specific, identified mineral deposits that may 


may not be evaluated as to extent and grade, and whose contained minerals 
may or may not be profitably recoverable with existing technology and 


economic conditions. 


3 Mostly high-grade ores; vastly greater quantities of lower grade iron- 


formations are known but have not been assessed. 


States, India, France, Peoples Republic of China, 
Sweden, United Kingdom, Federal Republic of Ger- 
many, South Africa, and Venezuela—have reserves 
of more than 1 billion tons each. Other nations 
which have substantial iron-ore reserves in produc- 


or 


The amounts listed as reserves include large 
quantities of low-grade ores as well as high-grade 
ores. Therefore the tonnages listed for the various 


tion and which have exported more than 500,000 
tons a year in recent years are Angola, Chile, Korea 
(south), Liberia, Malaysia, Morocco, Norway, Peru, 
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Philippine Republic, Sierra Leone, Spain, and Tu- 
nisia. 

The identified iron-ore resources of the United 
States are shown in table 60. 


TABLE 60.—The identified iron-ore resources of the United 
States, in millions of metric tons (United Nations, 1970) 


[Figures rounded. Include estimates for some deposits for which precise 
data are not available 


Identified re- 
sources? (re- 


Region Reserves 1 serves + po- 

tential ores) 
Lake Superior _ 6,500 78,000 

Northeastern ___ 200 ; 

Southeastern __ 100 9,400 
Central-Gulf 600 700 
Central-western 1,100 2,300 
Western esas ee 2 oe eee see 600 1,200 
Alaska = s2s-e5 eu = 22s fees 6,600 
Ha wally soon re een aSss 1,000 
Totalee=s2-seeee ewe ee 9,100 100,600 


1 Reserves: Identified deposits from which minerals can be extracted 
prontebly with existing technology and under present economic con- 
itions. 

? Identified resources: Specific, identified mineral deposits that may or 
may not be evaluated as to extent and grade, and whose contained 
minerals may or may not be profitably recoverable with existing tech- 
nology and economic conditions. 


HYPOTHETICAL RESOURCES 


Because of the great amounts of identified iron- 
ore resources, no attempt is made to estimate quan- 
tities of hypothetical iron-ore resources beyond 
stating that they are enormous. The identified iron- 
ore resources in the world are a sampling of the 
surface and near-surface parts of the geologically 
explored land areas of the earth. Most of the identi- 
fied resource material is within half a mile of the 
surface of the earth. It is reasonable to expect that 
in many areas the zone between a depth of half a 
mile and 1 mile beneath the surface will contain 
hypothetical resources proportional in amount to 
the near-surface identified quantities. This concept 
is especially applicable to the great expanses of 
Precambrian iron-formation and younger ironstone 
formations that exist on all the continents. It also 
applies to areas in which deposits are the results of 
processes related to magmatic activity. Allowance 
must be made, however, for some deposits that are 
not resources because they did not undergo surficial 
enrichment and also for some flat-lying iron-forma- 
tions that do not extend to depths of more than 
half a mile. 

In North America, and in the geologically ex- 
plored parts of other continents, bedded Precam- 
brian sedimentary iron-formations and younger 
sedimentary ironstone deposits extend for lengths 
totaling hundreds of miles (United Nations, 1970). 
Undoubtedly these formations, in many areas, main- 
tain their basic characteristics for considerable dis- 


tances in the subsurface. In view of the existence 
of very large quantities of identified iron-ore re- 
sources, and because setting upper limits to the 
amounts of hypothetical iron-ore resources would 
involve many questionable assumptions, detailed 
estimates of the existing quantities of hypothetical 
iron-ore resources can have little meaning. Factors 
such as the amounts of ore that must be left in 
place as mine pillars and physical limitations upon 
depths to which mining activities can be carried on 
in various types of rock impose limitations upon 
the practical estimation of hypothetical resources at 
great depths. Advances in the state of the art of 
mining can extend the depths to which ore can be 
mined, but can also extend the competitive exploi- 
tation of low-grade shallow ore deposits. 


SPECULATIVE RESOURCES 


Although speculative iron-ore resources are im- 
possible to quantify in any meaningful way, they 
are worthy of consideration. In the past two decades 
most of the identified iron-ore resources of Australia 
became known, and Australia has become one of 
the major iron-ore producing nations (Inst. Geol. 
Sci., 1971; United Nations, 1970). Similarly, large 
high-grade deposits, measuring in thousands of mil- 
lions of tons, have been identified in recent years in 
Brazil. Large areas in South America, Africa, Asia, 
and Antarctica remain to be explored geologically. 
On the other continents large areas in which Pre- 
cambrian basement rocks are under a relatively 
thin cover of younger rocks offer possibilities for 
the discovery of major iron deposits. Manganese- 
and iron-rich nodules and other sediments on the 
sea floor remain to be assessed as potential re- 
sources . 

In the United States, the most promising regions 
for iron-ore discovery have largely been identified 
and at least partially explored. The principal need 
is to obtain more detailed information concerning 
these regions. Because most of the major iron de- 
posits or iron-bearing formations have associated 
magnetic anomalies, major programs of aeromag- 
netic surveying to delineate the zones of magnetic 
rocks and potential ore bodies should be continued. 
Such surveys have been made for many areas and 
have proved to be successful. In some cases further 
geologic studies and interpretations of the mag- 
netic and geological data are needed. 


EXPLORATION 


Exploration for iron ores differs significantly 
from that involved in the search for most other 
metals, in part because of the low value of ore— 
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less than 1 cent a pound—and the general abundance 
of deposits, and in part because most ores are mag- 
netic or have some surface expression and hence 
are comparatively easy to discover. 

In unexplored areas, now relatively few in the 
United States, the primary tool in the search for 
new deposits is the airborne magnetometer. Surveys 
can be made rapidly and inexpensively; an area of 
1,000 square miles can be adequately searched at a 
cost less than $20,000. Once favorable areas are 
located, detailed geologic mapping and ground mag- 
netic surveys, possibly supplemented by gravity sur- 
veys, serve to delineate target areas for drilling. 

Most exploration in the United States except that 
for buried magmatic, pyrometasomatic, or hydro- 
thermal deposits, is directed not toward discovery 
but toward definition of deposits that meet the eco- 
nomic criteria of geologic location, large size, suit- 
ability for low-cost mining and beneficiation, and 
low content of objectionable impurities. The major 
developments of the past 20 years in the United 
States and Canada and many that are anticipated 
in the future concern the bedded iron-formations 
(taconites) in the Lake Superior and the Rocky 
Mountain regions. The location and extent of vir- 
tually all such deposits probably are now known, 
but intensive geologic mapping, drilling, and sam- 
pling are necessary to appraise the actual economic 
potential. Investments for a major taconite mine and 
processing plant are so large that a minimum proved 
reserve of about 100 million tons of minable low- 
grade ore commonly is required. 

Exploration for buried high-grade deposits of 
magmatic, pyrometasomatic, or hydrothermal ori- 
gins presents problems more analogous to those en- 
countered in base-metal exploration. The deposits 
are likely to be irregular in form and size, and they 
lack the geologic predictability of bedded ores. 
Nevertheless, those within a few thousand feet of 
the surface generally will yield measurable aeromag- 
netic anomalies that provide a basis for restricting 
the area in which detailed geologic and ground mag- 
netometer surveys are needed for definition of 
drilling targets. 

The geologic and geophysical techniques are used 
to select targets, but physical sampling and analyses 
of samples are required to prove the existence of a 
mineral deposit of economic value. Such sampling 
commonly involves drilling to obtain representative 
specimens of the ore from locations sufficiently 
spaced so as to give a three-dimensional view of the 
ore zone and thus locate a volume large enough to 
meet the minimum size requirements for an eco- 
nomically minable deposit. Additional drilling and 
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sampling may be done to determine the existence 
of greater quantities of ore for larger scale opera- 
tions, to determine the limits of the ore zone, for 
planning of mining techniques and pit design, and 
for selection of plant sites that will not interfere 
with the extraction of the ore. Additional factors 
particularly applicable to the economic evaluation 
of iron-ore deposits have recently been discussed by 
Ohle (1972). 


PROBLEMS FOR RESEARCH 


Specific regions that ought to be studied or reap- 
praised geologically are: (1) Parts of the Adiron- 
dack Mountains area of northern New York, for 
titaniferous and nontitaniferous iron deposits; (2) 
selected parts of the Lake Superior region, particu- 
larly the South Cuyuna Range and adjoining areas, 
for iron-formation in the subsurface; (3) the Ce- 
bolla Creek area, Colorado, for titaniferous deposits; 
(4) iron-ore districts in southwestern Utah, for 
magnetite and hematite deposits; (5) iron-ore dis- 
tricts in parts of Nevada, for magnetite and hema- 
tite deposits; and (6) the Iliamna Lake area in 
southwestern Alaska, for titaniferous magnetite 
deposits. Some of these areas have been recon- 
noitered or studied in more detail by private inves- 
tigators, but sufficient data for the appraisal of 
their iron-ore resource potential are not publicly 
available. The fact that some areas have been inves- 
tigated in the past does not eliminate the possibili- 
ties for significant discoveries in these areas. 

Perhaps the most meaningful studies, from the 
long-range point of view, would be those directed 
toward the objective of utilizing the entire iron- 
rich parts of major iron-formations such as the 
Biwabik Iron-formation in Minnesota (Dutton, 
1955). Such studies would involve sampling, min- 
eralogic investigations, beneficiation tests, and ex- 
perimentation directed toward new iron-ore smelting 
techniques. In many places only selected parts of 
the iron-formation are mined as ore, and large 
quantities of iron-rich rock must be moved in order 
to recover the selected parts. For example, the mag- 
netic taconite layer mined may represent only about 
150 feet of a total thickness of 500 feet or more of 
iron-formation. In places, as much as 550 feet of the 
iron-formation contains more than 23 percent in 
total iron. Such material would contain about 335 
million tons of iron per square mile in a layer 550 
feet thick. 

The need to minimize environmental problems 
resulting from mining and processing ores, while 
assuring adequate domestic supplies of iron ore, 
gives added incentive to efforts toward use of more 
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of the total iron in the iron-formation of the Lake 
Superior region. Processes applicable to utilization 
of iron in silicates and carbonate as well as in 
oxides in the Biwabik Iron-formation of the Me- 
sabi Range would be applicable to iron-formations 
of other districts in the Lake Superior region and 
elsewhere in the world. If the cost advantage that 
would be derived from centering more of the na- 
tion’s production in these large deposits would off- 
set any possible increases in costs of processing the 
bulk iron-formations, the Lake Superior region could 
supply much of the nation’s expected needs for iron 
for centuries (Michelson and others, 1970; Roberts 
and Crago, 1948). Thus, the requirements for land 
areas for iron mining and associated beneficiation, 
waste disposal, and transportation facilities would 
be minimized if more of the iron in the Lake Su- 
perior iron-formations were utilized. 

The potential iron-ore resources in manganese- 
iron-rich nodules on the sea floors may be worthy 
of further investigation because of the possibility 
that many other valuable products could be ex- 
tracted from the nodules. These include manganese, 
copper, nickel, cobalt, zirconium, and titanium. The 
nodules, however, are probably only of minor po- 
tential value for iron. ~ 
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ABSTRACT OF CONCLUSIONS 


Kyanite and related minerals are high-alumina silicates 
used mainly in the manufacture of refractory linings for 
metallurgical and other types of furnaces. Domestic produc- 
tion currently exceeds consumption, and considerable ton- 
Nages are exported. Enormous resources of these minerals 
exist in the United States; this should permit the increase 
in production that will be needed to meet the demand ex- 
pected during the next 25 years. Production now comes large- 
ly from kyanite-quartz deposits in the Southeastern States; 
kyanite and sillimanite are also recovered as a byproduct 
from Florida ilmenite sands. Resources of deposits of these 
two types are very large but make up no more than 5 per- 
cent of our total resources. The remaining 95 percent or 
more is in deposits of micaceous schist and gneiss, mostly 
in the Appalachian Mountain system and in Idaho. None of 
these deposits is now being mined, but profitable mining of 
some may eventually be possible. More detailed geologic 


studies and sampling of deposits of the kyanite-group min- 
erals are needed in order to appraise their economic poten- 
tial. 


INTRODUCTION 


Kyanite and related minerals (known as the 
kyanite or sillimanite group) are high-alumina min- 
erals used in the manufacture of high-quality re- 
fractory materials and other ceramic products. The 
most abundant are kyanite, sillimanite, and andalu- 
site, all having the same chemical composition, 
Al,SiO; (also written AI,0O;-SiO.), but different 
physical properties. Dumortierite (containing boron) 
and topaz (containing fluorine) have similar compo- 
sition but are much scarcer. Each of these minerals 
has been produced in the United States, but since 
1950, production has been mostly of kyanite, ac- 
companied by small amounts of andalusite and silli- 
manite. An excellent comprehensive review of the 
properties, treatment, and industrial uses of these 
minerals and the geology of the deposits has been 
given by Varley (1965). 

When these minerals are heated to very high tem- 
peratures, the new compounds mullite (3AI.0O; 
-2SiO,) and silica glass are formed. Mullite can also 
be made from various materials that contain alumina 
(Al.0;) and silica (SiO.), such as mixtures of alu- 
mina, kaolin, and kyanite, alumina and kaolin, 
bauxite and kaolin, or alumina and silica sand; this 
product is kaown as synthetic mullite\(Cooper, 1970,p 
1060-1061). Mullite retains its strength and stability 
at high temperatures for long periods of time and 
has become very widely used as a refractory ma- 
terial in the metallurgical industry (Foster, 1960; 
Klinefelter and Cooper, 1961, p. 3-6; Varley, 1965). 
The refractory properties are improved as the mul- 
lite content of the material is increased. 

The United States is now the largest producer 
and consumer of kyanite and synthetic mullite. Do- 
mestic demand for kyanite and synthetic mullite in 
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1968 was estimated at about 120,000 short tons, and 
exports were about 20,000 tons; total value of the 
production was about $10.7 million. The demand in 
1968 by different industries and the possible demand 
in the year 2000 (table 61) were estimated by 


TABLE 61.—Estimated United States demand for kyanite and 
synthetic mullite 


Estimated demand (short tons) 
1968 2000 


Industry 
or use 


Low High 

Iron and steel _________-_ 50,000 125,000 300,000 
Nonferrous metals 35,000 130,000 195,000 
Boiler furnaces —___ 6,000 25,000 40,000 
Glass} S22) 2 2S 8 1 17,000 60,000 140,000 
Other: uses, 2S = eS 12,000 40,000 200,000 
Totaligeses* tt hoe 120,000 380,000 875,000 


Cooper (1970, p. 1066-1069). 

According to Cooper, the major trend in the use 
of these materials as refractories in the next 25 
years probably will be to replace other types of 
refractories in metallurgical, glass, and boiler fur- 
naces. Important nonrefractory uses may also be 
developed, such as the manufacture of aluminum- 
silicon alloys, floor and wall tile, spinnable mullite 
fibers, and blown-wool refractory insulations. 

Before 1951, the United States imported more 
kyanite than it produced because the massive ore 
(“strategic kyanite”) from India and Kenya was 
required as an essential component in making the 
best high-alumina refractory bricks. The fine-grained 
kyanite concentrate produced from domestic dis- 
seminated ore is more suitable for other purposes. 
Manufacture of synthetic mullite began in 1951, and 
its use has practically eliminated the need for im- 
ported massive kyanite. 

The increased demand expected in the United 
States for kyanite-group minerals during the next 
25 years can be supplied from our very large domes- 
tic resources. All domestic production for many years 
has come from mines in the Southeastern States; 
production from these mines can be increased, and 
probably several new mines can be opened at other 
deposits in the region. The increased demand for 
kyanite expected in the Western States could prob- 
ably be met by mining some of the deposits in 
Idaho, California, or New Mexico. Expansion of syn- 
thetic mullite production might require increased 
imports of bauxite or alumina, but this need would 
be very small in comparison to the large quantities 
of bauxite and alumina imported by the aluminum 
industry. The trend of exports of kyanite and syn- 
thetic mullite from the United States over the next 
25 years is difficult to forecast because foreign pro- 
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duction will doubtless increase, and trade patterns 
may change considerably. 


EXPLOITATION 


Domestic mining of the kyanite-group minerals 
began in the 1920’s when kyanite was mined at 
Baker Mountain, Va., Ogilby, Calif., and Petaca, N. 
Mex.; andalusite at White Mountain, Calif.; and 
dumortierite at Oreana, Nev. Other deposits of 
various types were mined or prospected between 
1930 and 1950. Since 1950, nearly all production has 
come from kyanite-quartz deposits at Baker Moun- 
tain and Willis Mountain, Va., Graves Mountain, 
Ga., and Henry Knob, S.C.; mining at Henry Knob 
ceased in 1969. Byproduct recovery of kyanite and 
sillimanite began in 1968 from Florida sands proc- 
essed for ilmenite and other heavy minerals. Various 
aspects of domestic mining operations have been 
discussed by Espenshade and Potter (1960), Foster 
(1960), Klinefelter and Cooper (1961), and Cooper 
(1970). 

United States production of kyanite has increased 
steadily since 1940 when it was 4,241 short tons. 
By 1950, it was about 15,400 short tons, and in 
1960, about 33,000 short tons (Varley, 1965, p. 30). 
Cooper (1970, p. 1066) stated that it was about 
100,000 short tons in 1968. 


GEOLOGIC ENVIRONMENT 


Kyanite, sillimanite, and andalusite are very com- 
mon in many parts of the world in aluminous meta- 
morphic rocks which have undergone the deforma- 
tion and increased temperatures that accompany 
mountain building. Each of the AI,SiO; minerals 
forms under certain distinctive ranges of tempera- 
ture and pressure. Kyanite typically forms in schists 
and gneisses at fairly high temperatures and pres- 
sures, under conditions of strong regional or dy- 
namic metamorphism. Andalusite forms at lower 
pressure and is very common in the hot zones of con- 
tact (or thermal) metamorphism surrounding large 
intrusions of granite or gabbro. Sillimanite forms 
at higher temperatures during both regional and 
contact metamorphism. Mullite is a very rare min- 
eral formed naturally at temperatures even higher 
than sillimanite. Topaz and dumortierite are much 
less common than the AI.SiO; minerals. They are 
most abundant in quartzose deposits, some of which 
appear to be hydrothermally altered volcanic rock. 

The Al,.SiO,; minerals are principally contained in 
micaceous schists and gneisses which underlie many 
square miles in some regions. Kyanite and sillimanite 
are more abundant than andalusite in these deposits. 
The content of these minerals may be as much as 
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40 percent, but generally is less than 15 percent. 
Their distribution may be very irregular because of 
variable alumina content of the original beds or 
layers and the subsequent strong deformation of 
the layered rock. Usually only one of the AI,SiO, 
minerals is present, but two of them occur together 
at some places, and all three have been found to- 
gether at a few places. 

Another important but less common type of de- 
posit consists of quartzose rock that contains one or 
more of the kyanite-group minerals in association 
with various other aluminous minerals and quartz. 
These quartzose deposits generally have a higher 
content of Al,SiO; minerals (commonly more than 
20 percent) than do the micaceous schists and 
gneisses, but they are much smaller in size. Kyanite 
is usually more abundant in the quartzose deposits 
than are other minerals of the group. 

The kyanite-group minerals also occur in quartz 
veins and pegmatites but in relatively small amounts. 
These minerals are very resistant to weathering 
and erosion and may accumulate in abundance in 
the soils overlying the source rocks. Subsequently, 
the Al,SiO; minerals are concentrated in stream and 
river alluvium; later in the cycle of sediment trans- 
port, they may be preserved in beach sands along 
with other resistant minerals such as quartz, zircon, 
monazite, staurolite, and the titanium minerals 
ilmenite and rutile. 


RESOURCES 


UNITED STATES RESOURCES OF KYANITE- 
GROUP MINERALS 


The Al,SiO; minerals occur in nearly every large 
area of metamorphic rocks in the country (Espen- 
shade, 1961, 1962; Varley, 1965). The kyanite-group 
minerals have been found in bedrock at innumerable 
places in at least 30 States (Grametbauer, 1959). At 
many places, no more than a few percent of these 
minerals is contained in the rock, too little to be of 
economic interest. Only those deposits that contain 
at least 10 percent of the Al.SiO; minerals are of 
potential economic value. All domestic resources are 
of the disseminated type of ore in which the kyanite 
minerals must be separated from quartz, mica, and 
other minerals by beneficiation. 

Domestic resources of the kyanite-group minerals 
are summarized in table 62 according to three types 
of deposits. Enormous amounts of the Al.SiO; min- 
erals are contained in micaceous schists and gneiss, 
but such deposits typically have lower contents of 
these minerals than do the quartzose deposits and 
have produced only a few percent of the total do- 
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TABLE 62.—United States resources of kyanite and related 
minerals 
[Short tons of contained kyanite-group minerals] 


Resources 


Identified 1 


Type of deposit Hypothetical ? 


Deposits of micaceous 


schist and gneiss ~__________ 950,000,000 1,000,000,000 
Quartzose deposits -__________ 33,300,000 11,000,000 
Byproduct or potential 

byproduct from deposits 

mined for other minerals ___ 13,500,000 25,000,000 


1 Identified resources: Specific, identified mineral deposits that may or 
may not be eva uated as to extent and grade, and whose contained min- 
rals may or may not be profitably recoverable with existing technology 
and economic conditions. 

2 Hypothetical resources: Undiscovered mineral deposits, whether of 
recoverable or subeconomic grade, that are geologically predictable as exist- 
ing in known districts. 


mestic output of these minerals. Probably at least 
95 percent of total production has come from quartz- 
ose deposits, although these deposits contain no 
more than 5 percent of our resources. 

The data used in estimating these resources are 
generally better for the quartzose deposits and by- 
product sources than for the deposits of micaceous 
schist and gneiss. For identified resources, the 
minimum grade (except for byproduct sources) has 
been taken as 10 percent content of kyanite-group 
minerals; estimates of open-cut mining depths range 
from 50 feet to several hundred feet. Estimates of 
hypothetical resources are based on extensions of 
known deposits or districts in depth or in area. None 
of the micaceous schist and gneiss deposits included 
in table 62 is now being mined, but profitable min- 
ing of some may become possible within the next 
25 years. Deposits of sillimanite schist containing 
finely fibrous sillimanite (“fibrolite’) are not in- 
cluded in the resource estimate because of the 
difficulty in making a clean and efficient separation 
of this variety of sillimanite. 


DEPOSITS OF MICACEOUS SCHIST AND GNEISS 

Kyanite and sillimanite are widely distributed in 
micaceous schist and gneiss in the Appalachian 
mountain system from Maine to Alabama. Andalu- 
site in such rocks is much more restricted in occur- 
rence and is found principally in New England. Gen- 
eral distribution of the Al,SiO; minerals in the 
Appalachians was shown on a map by Morgan 
(1972) ; distribution in New England has also been 
given (Doll and others, 1961; Hussey and others, 
1967; and Thompson and Norton, 1968) ; distribu- 
tion in parts of the southern Appalachians was 
given by Overstreet and others (1968), Carpenter 
(1970), and Hadley and Nelson (1971). The principal 
Appalachian deposits of micaceous schist and gneiss 
included in table 62 are kyanite-garnet-mica 
gneisses near New Hartford, Conn. (R. W. Schnabel, 
written commun., Apr. 1972); similar gneiss and 
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schist near Spruce Pine, N.C. (Brobst, 1962), 
Clarkesville, Ga., and other areas in the Blue Ridge; 
andalusite in the contact zones of gabbroic and gra- 
nitic plutons in central Maine (Espenshade and 
Boudette, 1967); and sillimanite schist in Hart 
County, Ga. (Teague, 1950). 

The Al.SiO; minerals are also widely distributed 
in micaceous schist and gneiss in Idaho, Montana, 
Colorado, the Black Hills, S. Dak., the Sierra Nevada, 
Calif., and parts of Washington (Thorsen, 1966) and 
Oregon. However, the only deposits that are large 
enough and rich enough to be regarded as im- 
portant resources are the kyanite-sillimanite deposit 
at Woodrat Mountain and the kyanite-andalusite 
deposit at Goat Mountain, Idaho (Hietanen, 1956; 
Van Noy and others, 1970). 


QUARTZOSE DEPOSITS 

The principal quartzose deposits of kyanite-group 
minerals are in the southern Piedmont (Hurst, 1959; 
Espenshade and Potter, 1960). Nearly all domestic 
kyanite production since 1950 has come from mines 
at Willis Mountain and Baker Mountain, Va., at 
Henry Knob in the Kings Mountain district, N.C. 
and S.C., and at Graves Mountain, Ga. Most re- 
sources of quartzose deposits are at these localities 
and in other kyanite-quartz deposits in the Pied- 
mont. Smaller deposits containing other minerals of 
the kyanite group that are also included in table 62 
are sillimanite-quartz deposits in the Kings Moun- 
tain district and some andalusite-pyrophyllite-quartz 
deposits in North Carolina. 

Quartzose deposits of kyanite-group minerals in 
the Western States are much smaller than those in 
the Southeastern States. Such deposits are found in 
New Mexico in the Picuris Range and the Petaca 
district (Montgomery, 1953; Corey, 1960). An 
unusual deposit of topaz, sillimanite, and rutile in 
quartzose gneiss occurs in the Front Range of Colo- 
rado (Sheridan and others, 1968). In California, 
kyanite has been mined from quartzose deposits 
near Ogilby, Imperial County (Henshaw, 1942), and 
andalusite has been mined at White Mountain, Mono 
County (Wright, 1957). Dumortierite and andalu- 
site were once mined from quartzose deposits in 
altered rhyolite near Oreana, Nev. (Kerr and Jen- 
ney, 1935). 


BYPRODUCT SOURCES OF KYANITE-GROUP MINERALS 


Kyanite and sillimanite occur in small amounts 
in the sands mined for ilmenite and other heavy 
minerals in Florida, Georgia, and New Jersey; they 
have been recovered from the Florida sands since 
1968 (Browning and others, 1956; Markewicz, 1969; 
Cooper, 1970). These minerals are also present in 
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very small amounts along with other heavy minerals 
in the pebble phosphate deposits of Florida; none of 
the heavy minerals has been recovered, but Stow 
(1968) estimated that about 200,000 short tons of 
heavy minerals (containing about 16 percent kyanite 
and sillimanite) are discarded yearly from the phos- 
phate mining operations. Topaz occurs in the molyb- 
denum ore at Climax, Colo. (Wallace and others, 
1968) and is a potential byproduct. 


FOREIGN RESOURCES OF KYANITE-GROUP MINERALS 

According to Varley (1965), the minerals of the 
kyanite group are widely distributed in many coun- 
tries; the principal deposits of economic value are 
the quartzose type, as in the United States. Many 
foreign quartzose deposits contain massive segrega- 
tions of the Al.SiO; minerals, which in places have 
accumulated as loose boulders and fragments in the 
surficial residuum. Such massive ore is easily mined 
and requires little or no beneficiation, in contrast to 
domestic disseminated ores. 

India has been the principal foreign producer of 
Al.SiO; minerals since the 1920’s, mostly massive 
kyanite from Lapsa Buru, Singhbhum, Bihar, and 
massive sillimanite from Assam and Madhya Pra- 
desh. Sillimanite was once recovered from ilmenite 
beach placers in Kerala and Madras. The Republic 
of South Africa has also been a major producer for 
many years, mining andalusite from river placers 
in the Marico district, Transvaal, and sillimanite- 
corundum from near Pella, Namaqualand. Kenya 
was an important producer of both massive kyanite 
and kyanite concentrates from 1943 to 1960. Mas- 
sive kyanite has also been produced from South 
West Africa, Bechuanaland, Rhodesia, and Nyasa- 
land. Sillimanite and small amounts of kyanite and 
andalusite have been produced in Australia since the 
1930’s. In the U.S.S.R., andalusite has been produced 
on a large scale from quartzose deposits in Kazakh- 
stan; important deposits of kyanite occur on the 
Kola Peninsula and of sillimanite, in eastern Siberia. 

Cooper (1970, p. 1062) estimated that foreign re- 
serves amount to 82,500,000 tons, mainly in the 
U.S.S.R., the Republic of South Africa, Canada, and 
India. Resources in the sense used here are clearly 
far larger and must be enormous in the case of the 
U.S.S.R., India, and some African countries. The 
data, however are not adequate for a reliable esti- 
mate of foreign resources. 


SPECULATIVE RESOURCES 
The Al.SiO; minerals are so common in meta- 
morphic rocks that they will be continually dis- 
covered as geologic mapping progresses in meta- 
morphic terranes in the United States and other 
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countries. Probably some of these deposits will be 
rich enough and large enough to be of potential 
economic value, but many will be too low in grade 
for exploitation in the next 25 years. Resources in 
undiscovered deposits and districts in the United 
States are doubtless enormous and may exceed our 
identified and hypothetical resources. 


PROBLEMS FOR RESEARCH 


The information available about grade and size 
of many deposits of the kyanite-group minerals is 
insufficient for meaningful economic appraisals be- 
cause the economic potential of a deposit is difficult 
to assess by conventional geologic studies. As the 
Al,SiO; minerals are highly resistant to weathering 
and erosion, high-grade rock is commonly better 
exposed than low-grade rock, and consequently a 
deposit may appear much richer than it actually is. 
Detailed mapping and sampling are necessary to 
determine the extent of high-grade and low-grade 
rock. A careful preliminary evaluation by these 
means will be very useful to economic geologists as 
a guide to deposits which may deserve more ex- 
ploration. 
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ABSTRACT OF CONCLUSIONS 


Lead has been used by man for approximately 6,000 years; 
it is now the fifth most important metal of trade in our in- 
dustrialized economy. Lead occurs in a wide variety of ore 
deposits that are mined in more than 40 countries on all 
the continents except Antarctica. The world reserves are 
here estimated to exceed 140 million short tons of lead con- 
tained in ores, equivalent to a 31-year supply at the 1971 
world rate of consumption. The reserves of the United States 
are estimated to constitute 38,185,000 short tons of lead; 
average annual domestic consumption during the period 
1961-70 was 1,240,000 short tons, of which about 43 percent 
was recycled scrap. The outlook for the continuing discovery 
of additional reserves and resources at a rate that exceeds 
consumption is believed to be excellent; many of these un- 
discovered ore deposits are assumed to be comparable in 
tonnage and grade with known ore bodies. 

Conditional resources of conventional types but low grades 
are contained in strata-bound, massive sulfide, and» other 
kinds of deposits in several areas of the United States. 
Conditional resources of unconventional types are contained 
in lead-bearing manganese nodules on the sea floors, in the 
Kupferschiefer and related strata of Europe, in the Belt 
Supergroup of the Northwest United States, and in sediment 
in thermal deeps of the Red Sea and other oceanic areas. 
These conditional resources may total as much as 1.5 bil- 
lion tons of lead, most of which is in the manganese 
nodules. Hypothetical and speculative resources together may 
equal half again as much as the known world reserves. 


INTRODUCTION 
ANCIENT USES 


The earliest uses of lead greatly antedate the 
earliest uses of iron, and lead, with copper and 
silver, may have been one of the first metals smelted 
from sulfide or oxidized ores. Because of its rela- 
tively common occurrence, the simplicity of its 
metallurgical reduction, its high density and low 
fusibility, and its softness and malleability, lead was 
used by many ancient peoples. As early as 3800 B.C. 
it was used by an artisan or priest to fashion a 
figurine that was discovered at the site of the Tem- 
ple of Osiris at Abydos, in upper Egypt (Mitman, 
1922, p. 596). During the succeeding centuries, it 
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was commonly recovered with silver and used in- 
creasingly by the Egyptians, Cretans, Babylonians, 
and other ancient people in castings, as pottery 
glaze, as sheets and solder, and as an additive to 
bronze. In 2000 B.C. the Chinese were using lead 
coinage, and about the same time the Babylonians 
were employing soldered lead sheets as roofing for 
temples and public buildings among other uses. 
Some of this lead was probably obtained in trade 
with the Hittites in Asia Minor, who had discov- 
ered the technique of smelting iron. By about 1600 
B.C., the Phoenicians, who established a farflung 
commerce in many commodities, had developed lead 
mines in Cyprus, Greece, Sardinia, and Spain. The 
ancient Britons bartered lead ores for products of 
the East brought by the Phoenician seafarers, and 
this trade was maintained and expanded with the 
Carthaginians and other seafarers who succeeded 
them. 

Lead was used extensively by the Greeks and 
Romans. The mines of Laurium, near Athens, among 
others, supplied the Greeks with silver to finance 
their wars and with lead for construction of their 
cities. The segments, or “drums,” of the fluted col- 
umns that characterize Greek architecture are 
pinned together by iron rods fitted into sockets that 
were filled with molten lead. Lead was also used for 
slip-joint pipes that are remarkably similar to mod- 
ern soil pipe and was used in coinage, in the pro- 
duction of bronze, and in the arts. Lead compounds 
were widely used as pigments and cosmetics by both 
the Romans and the Greeks and in ointments and 
salves. The Romans extended the mining of argen- 
tiferous lead ores into Yugoslavia, Rumania, France, 
Belgium, and Turkey, chiefly in a search for ever- 
greater amounts of silver to finance their conauests 
and enrich Rome. Traces of Roman mining activi- 
ties are still evident in these countries as well as in 
Italy, Sardinia, and Spain, where lead objects are 
occasionally found during the course of modern 
mining and archaeological activities. In Britain, for 
example, lead pipes of the Roman era still carry 
water at the hot-spring area of Bath. 

Many of the mines that were originally developed 
in all of those countries by the Phoenicians and 
Romans as well as other mines developed in Ger- 
many during the Dark Ages after the collapse of 
the Roman Empire are still important sources of 
lead in modern world trade and technology. 


MODERN USES 


In the present industrial economy of the world, 
lead is the fifth-ranking metal of trade and con- 
sumption after iron and steel, aluminum, copper, 
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and zinc. Of the total world mine production in 
1969, 3,523,401 short tons (table 63), the United 


TABLE 63.—World mine production of lead in 1969, by 
countries 


[NA, not available. Data from U.S. area of Mines Minerals Yearbook, 
1971 


Short tons 
North America: 
(Canad ee 330,781 
(Giese) ee 1314 
Wlong@linmmg ee seesses= 15,255 
IMexi CON pene se ee 188,378 
WWhnitias! SISOS epee ee eee esses *509,013 
South America: 
cence 35,000 
IB Oliva se ee °27,819 
Braz) 30,416 
(Glavits. ee Se ee es 8 ee 906 
(Colom) 451 
ROM =a eo ee ee eesessesonsess= 179,592 
Europe: 
DAIS tis] 2 7,500 
[Bulan ae °90,940 
(Gzechos Oval a °8,000 
IMileiné) jee teeosseSeeaaasss=o== 5,019 
inane °33,400 
Germany: 
Ag, a --ece ee eee ce seesaesa== °13,000 
W/@Sb secceboseeccckeeassseeecesoses 43,335 
(Greece ee 9,458 
ineland a °63,700 
[italy °39,700 
Norway —-.------------_---------__--—-= °3,500 
Poland ee 54,000 
RObUe ole °2,170 
VO UITTL VT 44,000 
Caine 76,700 
QVC asoomcoe eee bee Sten eet oserocaes= °79,000 
OSS pt ee ee eoaea= 490,000 
WmitedwKanedomie==— 9) === == °3,300 
Yugoslavia ----------------------------- 135,600 
Africa: 
Algeria __------------------------------ °7,200 
Congo (Brazzaville) "NA 
INTO OC CO eee 77,832 
Nigeria -22) 2 2=====--_=-------- == ____ = 
Southwest Africa —=---------=---===--=— 166,634 
Tn 1 ee eee ee 7°16,500 
WENN, soem meee Hee SeeSSSesasa=ss= 2025,350 
Asia: 
Burm 3 eee °9,900 
China, mainland ------------------------ °110,000 
Indian seen ean ee 2,239 
Tran. 20 ee ee Se °26,400 
Japan —----------------- ------------- 70,037 
Korea: 
ING th °77,000 
Cont ee 18,163 
Philippines ----------------------------- 74 
Mhailandy see eee 2,094 
Turkey -----------------------------=-- 2,440 
Oceania: 
uistralic 490,891 
Total (listed figures only) ------------ 3,523,401 


° Estimated. 
1 Recoverable. 
2 Smelter production. 


States production was 509,013 short tons, or 14.4 
percent. In contrast, the consumption in the United 
States of lead from all sources, including scrap, was 
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1,389,358 short tons, 39.4 percent of the world’s pri- 
mary mine production (table 64). 


TABLE 64.—Lead consumption in the United States, by 
products, in 1969 
[Data from U.S. Bureau of Mines Minerals Yearbook, 1971] 
Short tons 
Metal products: 


PACA AULT G1 ON 79,233 
eine mei@ls ~~ esa 17,406 
ASS) GwGl ORONWAS 2 eee ees 21,512 
@aplemcove nin (ge =e ee 54,203 
Casings mami 2-5 sees 9,918 
Canlkanc plead ge 44,857 
Collapsiblemtubest= = ee 12,484 
TORS pe a 5,881 
Bipestcaps sand spend spa ae 19,407 
Sheetplend tesa e ae = ae a ee ee 25,818 
Salar cage eek oat ear a orale Case) ied 72,626 
Storage batteries: 
Battery grids, posts, ete _______-_---- 280,386 
BattenyaOxXidess =e ene 302,160 
mernnemmetal jess = Lasse area 1,583 
Biky pew mae bales ee 25,660 
ROtal ipsa sates erie Nee oe Ss sk eee 973,134 
Pigments: 
Winitewleadg += 242. 2= - «2s se 6,617 
Redpleadsand litharge === == == 79,898 
icnentecOlor se ee ee ee 14,670 
Other (incl. leaded zinc oxide, etc) ------ 1,201 
Motaleeee soe ee ee eee 102,386 
Chemicals: 
Gasoline antiknock additive ~--_--___-__- 271,128 
Miscellaneous chemicals ~--------------~- 602 
MOtalgess es Se a = ee ee Se 271,730 
Miscellaneous uses: 
PATI alin 9g ee SS ee 4,252 
Galvanizing oe sce te sre nee ee eee ee MON 
Weadmplating 12522 Be ee eR eet 406 
Wreichtseandsballast = === == === 17,366 
otal = see ee te EY See ae es 23,821 
Othermunclassified) usesse =e 18,287 
Grandetotal ys eee ee Se ee 1,389,358 


1 Includes lead that went directly from scrap to fabricated products. 


The consumption of lead in the United States is 
dominated by its use in storage batteries and leaded 
gasoline and in the construction industry, as shown 
in table 64. Other important but apparently dimin- 
ishing uses are in pigments, cable sheathing, type 
metal, and ammunition. It is significant to note, 
however, that only the lead used in paint pigments 
and ammunition and in tetraethyl lead fluids and 
other chemical compounds is nonrecoverable. Much 
of the lead used for other purposes, particularly as 
grids in storage batteries, is recyclable and even- 
tually returns to the market in the form of scrap. 

From 1951 to 1971, the consumption of lead in 
the United States increased from 1,185,000 short 
tons to 1,380,000 short tons, an increase of 16.5 per- 
cent, whereas increase in world consumption, from 
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approximately 2,170,000 short tons to approximately 
4,563,000 short tons, was 110 percent (U.S. Bur. 
Mines unpub. data, 1972). The burgeoning world 
consumption of lead as compared with United States 
consumption is attributed to the expanding use of 
passenger automobiles, trucks, and other modes of 
transportation and to the growth of the communi- 
cations industry throughout the world, especially 
in Europe and Japan. 


OUTLOOK 


According to the U.S. Bureau of Mines survey 
(Paone, 1970, p. 615), projection of population 
growth statistics, consumption data, and other 
factors to the year 2000 indicate a continuing in- 
crease in the United States demand for lead in the 
production of storage batteries, leaded gasoline, 
bearings, and possibly in the construction industry ; 
in contrast, only moderate to small increases are 
forecast for the use of lead in small-arms ammuni- 
tion, insecticides, packaging, and radiation shields, 
and decreases are anticipated in the printing indus- 
try and in the manufacture of paint pigments. As 
noted by Paone (1970, p. 615), the U.S. demand for 
lead for storage batteries and leaded gasoline may 
be expected to triple or quadruple during the next 
30 years, whereas the demand for other uses is 
expected to show only a fractional increase or an 
actual decrease. The current antipollution standards, 
if rigorously applied during this interval, undoubt- 
edly will substantially modify the projected increase 
for leaded gasoline through the greater use of diesel 
engines, gas turbines, and electric vehicles and by 
the continued development of low-lead or lead-free 
high-octane gasolines. Similarly, the successful de- 
velopment of lightweight sodium-sulfur and lithium- 
or sodium-water batteries may substantially dimin- 
ish the demand for the heavier, lead-acid batteries 
despite the expected increase in the total number 
of accessorized automobiles and trucks and electric 
vehicles by the year 2000. 

All things considered, the large domestic resources 
of lead appear to be adequate to supply an increas- 
ingly larger proportion of the needs of the United 
States, at least to the year 2000, despite the rapidly 
expanding consumption of the rest of the world. 


EXPLOITATION 


Production of primary lead in the world and in 
the United States and the United States consump- 
tion of lead from all sources are summarized in 
figure 39. It is estimated, in part using data pre- 
sented by Smith (1929), that world production 
from prehistoric time to 1969 was about 151,162,000 
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FIGURE 39.—Production of primary lead in the world and in the United States, 1830-1971, and consumption of lead, includ- 
ing scrap, in the United States, 1918-71. Data from U.S. Geological Survey, U.S. Bureau of Mines, and American 


Bureau of Metal Statistics. 


short tons. Of this amount, less than 5 million tons 
is estimated to have been produced prior to 1800, 
25,167,000 tons from 1801 to 1900, and 120,995,000 
tons from 1901 to 1969. Production during the next 
decade will certainly exceed the production of the 
entire 19th century. 

The significant variations in the production curves 
of lead for both the United States and the world are 
largely related to political and economic factors 
rather than to the discovery of large ore deposits 
or to technological advancements in mining, milling, 
or smelting. The effects of major events on world 
production of lead include: (1) a leveling of pro- 
duction during World War I, (2) a small decline 
during the postwar economie recession of 1919-21 
followed by a steep rise in production, (3) a second 
decline during the depression years of the early 
1930’s, also followed by a steep rise, and (4) a 
third major decline, essentially coincident with 
World War II, followed by a rise in production that 
has been relatively unbroken since 1946. The United 
States production through 1940 in general shows the 
same perturbations as the world production but 
differs in some respects. During the period 1916- 


18, a slight increase in production reflects increased 
U.S. exports, presumably to the warring nations of 
western Europe. The decade of prosperity between 
the economic recessions of 1920 and 1930 did not 
result in a rise in U.S. production comparable in 
magnitude to the rise in world production; during 
this interval the United States became a significant 
importer of lead. After the depression years of the 
1930’s our highest domestic production was one- 
third less than in the best predepression years, and 
production generally declined from 1942 to 1962, 
largely as a result of depletion of many of our 
major deposits. Since 1962, approximately the time 
of the first production from the new mines in the 
Viburnum area of southeast Missouri, U.S. produc- 
tion has increased; by 1970 it had reached 572,000 
tons. 

The current and future discovery and exploitation 
of lead deposits throughout the world will undoubt- 
edly continue to be controlled more by economic, 
political, and environmental considerations than by 
technological advances. In recent decades such ad- 
vances have more than offset the losses in produc- 
tion resulting from the exhaustion of many small 
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high-grade deposits, particularly those that pro- 
duced lead as a coproduct with silver and other 
metals. These advances include the development of 
high-volume mining and milling techniques that 
have allowed the profitable exploitation of large 
low-grade disseminated ore bodies; the successful 
application of new techniques of continuous smelt- 
ing of intimately mixed zinc and lead ores; the 
recovery of byproduct lead concentrate from the 
milling of massive sulfide ores in Sweden, Japan, 
and elsewhere; and, most importantly, the contin- 
ued discovery and development of conventional types 
of ore bodies. Certain trends, however, tend to indi- 
cate a softening demand for lead in the future, 
particularly in the United States and Western 
Europe. These trends include severe limitations on 
the permissible levels of sulfur dioxide, lead oxide, 
and other emissions from smelters; significant re- 
ductions in the lead content of high-octane gasoline; 
the virtual elimination of lead oxides in paint; and 
the substitution of other substances for the lead 
used in cable sheathing, type metal, and other ap- 
plications. Whether or not increased consumption 
of lead in some uses (such as batteries) will offset 
declining consumption in other uses (such as tetra- 
ethyl lead gasoline additive) over the near term is 
difficult to predict. It seems certain, however, that 
world production and consumption of newly mined 
lead will increase over the long term, but eventually 
must decline as the primary sources approach ex- 
haustion and the recycling of scrap lead increases. 


GEOLOGIC ENVIRONMENT 


GEOCHEMISTRY 


Lead is a chemical element of atomic number 82. 
The atomic weight varies because of variations in 
isotope composition which are due to unequal in- 
corporation of radiogenic lead, the product of 
atomic decomposition of both uranium and thorium. 
Common lead of isotopic composition Pb? 1.5 per- 
cent, Pb? 23.6 percent, Pb?" 22.6 percent, and 
Pb? 52.3 percent has an atomic weight of 207.2. 
Lead occurs in nature rarely as the metallic element 
and in the quadrivalent state but predominantly in 
the divalent state with an ionic radius of 1.26 A 
for sixfold coordination. Commonly it diadochically 
replaces Bat? (1.44 A), Sr+? (1.21 A), and Kt? 
(1.46 A) in the lattice of certain silicates, phos- 
phates, and other minerals. 

Lead is the 34th most abundant element in the 
lithosphere, averaging about 15 ppm (parts per 
million). In crustal abundance, it ranks not only 
below copper and zinc but also below such less com- 
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mon and even rare elements as yttrium, neodymium, 
lanthanum, and possibly gallium (Mason, 1958, p. 
44). In igneous rocks it ranges in concentration 
from approximately 5 ppm in gabbro and related 
rocks to 10 ppm in oceanic crust and approximately 
20 ppm in granite. Typical concentrations in sedi- 
mentary rocks range from an average of 7 ppm in 
sandstone and 9 ppm in carbonate rocks to 20 ppm 
in shales; deep-sea clays reportedly average 80 ppm 

Turekian and Wedepohl, 1961, table 2). Inasmuch 
as lead ores of minimum minable grade average 
about 4 percent, they represent a concentration fac- 
tor of 2,600 times the average crustal composition, 
or about 2,000 times the average concentration in 
granite. 

Lead appears to be chiefly siderophile, according 
to Rankama and Sahama (1950, p. 729-730), al- 
though it may also be chalcophile; in the lithosphere 
it shows a rather pronounced affinity for sulfur and 
also for oxygen. Lead is essentially absent as an 
early magmatic sulfide and is particularly enriched 
in pneumatolytic and hydrothermal solutions ge- 
netically associated with quartz-bearing igneous 
rocks. It is the major constituent of more than 200 
known minerals. 

In primary ore deposits, lead occurs predominantly 
as the sulfide. During weathering, this sulfide is slow- 
ly oxidized to lead sulfate, a process that is facili- 
tated by the concurrent oxidation of the commonly 
associated pyrite to ferric sulfate, which acts as an 
oxidizing agent. The lead sulfate, which is only mod- 
erately soluble, and therefore relatively stable, is in 
turn converted by the action of carbon dioxide or 
soluble bicarbonates to the even more stable lead 
carbonate, which is the most chemically resistant 
lead compound in the zone of oxidation. Other rarer 
compounds that may be formed in the oxidation 
zone include arsenates, chlorides, vanadates, phos- 
phates, chromates, and molybdates. In time even the 
stable lead carbonate is physically disaggregated or 
is taken into solution as the moderately soluble lead 
bicarbonate and finds its way to the sea. 


ORE MINERALOGY 

In the wide variety of lead-producing deposits 
throughout the world, the overwhelmingly dominant 
ore mineral is galena (PbS). This metallic, steel-gray 
mineral with perfect cubic cleavage is one of the 
most widely distributed and easily recognized ore 
minerals. Very commonly it contains silver, usually 
as occluded blebs of argentite (Ag.S), argentiferous 
tetrahedrite (3[Cu-Ag].S:Sb.S;), and similar min- 
erals; it becomes silver ore when the value of silver 
exceeds that of the contained lead. Near the surface, 
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many of the galena ore bodies are altered to cerus- 
site (PbCO;), anglesite (PbSO;), pyromorphite 
(Pb,| PbCl][PO.];), and other minerals, but commer- 
cial ores consisting chiefly of these secondary min- 
erals now represent only a small fraction of the total 
volume of lead ores currently being produced. A 
great many other metallic lead minerals have been 
recognized, including many silver-, copper-, bismuth-, 
and antimony-bearing sulfosalts that are important 
sources of silver and other metals. Only rarely are 
these minerals found in concentrations large enough 
to produce a significant quantity of lead. 

The primary metallic minerals most commonly as- 
sociated with galena include pyrite (FeS.), sphaler- 
ite (ZnS), chalcopyrite (CuFeS.), tetrahedrite 
(8Cu.S:Sb.8;) or tennantite (8Cu.S-As.S;), argen- 
tite, bournonite (8PbS:Cu.S-Sb.8;), and other sul- 
fosalts, and, locally, marcasite (FeS.) and pyrrhotite 
(Fe,S;). Sphalerite, in particular, is such a common 
associate of galena that sphalerite-free galena ore 
bodies and galena-free sphalerite ore bodies are rare. 
The primary gangue minerals found in lead deposits 
include quartz in various forms; calcite, dolomite, 
and other carbonates; barite; and fluorite. Some of 
these minerals, as well as many of the associated 
minor metallic minerals, commonly are recovered as 
coproducts and byproducts. 


TYPES OF DEPOSITS 


The ore bodies in which galena is a major or a re- 
coverable minor constituent have been deposited in 
a wide variety of physical and chemical environ- 
ments. They are most effectively classified on the 
basis of their geologic occurrence as: (1) strata- 
bound deposits of syngenetic origin, (2) strata- 
bound or stratiform deposits of epigenetic origin, (3) 
voleano-sedimentary deposits and their metamorphic 
equivalents, (4) replacement deposits, including man- 
tos, (5) veins, and (6) contact pyrometasomatic 
deposits in the aureoles of granitic plutons. As with 
other types of classification systems, the above 
scheme is not wholly satisfactory, inasmuch as one 
type of deposit—such as a vein—may gradually as- 
sume the characteristics of another type—such as a 
replacement deposit. Also, there is much disagree- 
ment among geologists and geochemists as to the 
genesis of many ore bodies, particularly the strata- 
bound deposits, which may have either a syngenetic 
or an epigenetic origin. As pointed out by Brown 
(1970, p. 108), it is remarkable that so many well- 
qualified authorities can examine the same set of 
facts about the strata-bound ore bodies and reach 
such widely different conclusions as to their genesis. 
In recent years, however, studies of fluid inclusions 
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and of lead, sulfur, and oxygen isotopes and their 
ratios in various deposits of unquestioned origin ap- 
pear to have helped resolve questions of the origin of 
some previously enigmatic ore bodies. (NOTE.—Us- 
age of the terms “strata-bound” and “stratiform” in 
this chapter is somewhat different from usage in 
some other chapters.) 


STRATA-BOUND DEPOSITS OF SYNGENETIC ORIGIN 


The largest and most productive lead deposits are 
those that are apparently restricted to one or more 
sedimentary rock units, chiefly limestone, dolomite, 
or shale. Many of these deposits underlie areas ex- 
ceeding several square kilometers and are, in fact, 
merely the richer parts of broadly mineralized ter- 
ranes that extend for many hundreds or even thou- 
sands of square kilometers. Detailed studies com- 
monly reveal that these deposits may be further 
divided into two general types: those in which the 
ore minerals were deposited syngenetically with the 
enclosing sediments or formed shortly afterward as 
a result of diagenetic processes and those in which 
the ore minerals chiefly occur in secondary features 
and commonly are enclosed within aureoles of sec- 
ondary dolomitization or some other form of post- 
diagenetic alteration. Although deposits of the latter 
type have many features in common with the re- 
placement deposits, particularly the mantos, they 
generally differ in the absence of any clear evidence 
of their association with igneous rocks. These epi- 
genetic deposits are discussed separately. 

The strata-bound ores of syngenetic origin are 
typified by the “Kupferschiefer” bed, near the base 
of the Zechstein Formation, which is currently being 
mined in East Germany in the area of Mansfeld, 
Richelsdorf, and Sangerhausen and in Poland in the 
Subsudetic syncline. This layer of bituminous shale 
is commonly 1 meter or less thick; it locally overlies 
a patchy marine conglomerate, the first stratum 
deposited in the Upper Permian basin of central 
Germany, and underlies a sequence containing lime- 
stone, gypsum, halite, and sandstone. It is reportedly 
mineralized over an area of 4,560 square kilometers 
(Bauchau, 1971, p. 5). The ore minerals are finely 
disseminated through the shale and consist pre- 
dominantly of bornite, chalcocite, galena, sphalerite, 
and tetrahedrite. Accessory elements include nickel, 
cobalt, selenium, vanadium, molybdenum, and silver. 
There are virtually no gangue minerals except for 
wispy veinlets of barite and gypsum. Here and there 
the Kupferschiefer is cut by small faults, and near 
them the bed may be either enriched or impoverished 
in the metals; locally, some of these faults contain 
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secondary ore minerals and have been mined as 
lodes. 

The general grade of the Kupferschiefer bed that 
has been mined for its copper content is 2-8 percent 
copper, 1.3 percent zinc, about 1.5 percent lead, and 
approximately 4 ounces per short ton silver. Else- 
where, the content of zinc and lead is higher, as at 
Uftrungen, where the bed averages 2.5 percent lead 
and 1.7 percent zinc (Deans, 1950, p. 343). Overall, 
the Kupferschiefer may contain an average zinc and 
lead concentration more than 10 times higher than 
that of copper (Wedepohl, 1971, p. 269). 

The genesis of the Kupferschiefer has been the 
subject of much controversy. Most geologists who 
have studied the deposits favor a syngenetic origin 
because of the virtual restriction of the ore minerals 
to a thin stratum that is rich in organic carbon, 
the fine dissemination of the ore minerals, the ap- 
parent bacterial origin of the contained sulfur, the 
patterns of both vertical and regional zonation of the 
ore metals, and the wide occurrence of ore minerals 
in correlative units in western Poland, western Ger- 
many, and northeast England. According to Richter- 
Bernburg (1941), however, the metals occur in the 
Kupferschiefer in such great volume that they could 
not have been derived entirely from the denudation 
of ore deposits in the surrounding landmasses during 
the short time available for deposition of the thin ore 
bed. He suggested that they were enriched over a 
long period of time in deep-lying ground water, which 
later rose to mingle with the early Zechstein sea. 
Wedepohl (1971), in a more recent study, favored 
the gradual deposition of metals in the anoxic bottom 
waters of the Kupferschiefer sea as it transgressed 
over a peneplane cut into red-bed country rocks. He 
further stated that time factors and the occurrence 
of the main ore-bearing zones at the margins of the 
Kupferschiefer sea virtually rule out an origin from 
submarine springs of cryptovolcanic affinity. 

Although other possibly syngenetic strata-bound 
deposits of copper are not uncommon, particularly in 
south-central Africa, lead-bearing deposits of un- 
questioned syngenetic origin are rare. Strata-bound 
deposits of lead minerals in the Precambrian Belt 
Supergroup of northern Idaho and northwestern 
Montana have recently been described by Clark 
(1971). In this area, the somewhat better explored 
strata-bound copper deposits—whose origin is still 
in debate (see “Copper” chapter)—are locally over- 
lain by zones of galena-impregnated rock that con- 
tain as much as 6 percent of lead. Unlike the Kupfer- 
schiefer, the host rocks are most commonly carbon- 
ate-rich quartzite and siltite, and zinc minerals are 
rare to absent. Deposits that are closely similar to 
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the separated strata-bound copper and lead deposits 
of the Belt Supergroup have been described at Dzhez- 
kazgan in central Kazakhstan by Shcherba (1971, p. 
173-174). It should also be noted that many strata- 
bound deposits in Europe and northern Africa, con- 
sidered by European geologists to be syngenetic, 
have many of the characteristics of the stratiform 
epigenetic deposits described in the following section. 
(See Brown, 1970.) 


STRATA-BOUND DEPOSITS OF EPIGENETIC ORIGIN 


Ore deposits that are essentially restricted to one 
or a few well-defined tabular stratigraphic units, 
chiefly limestone or dolomite, but which are clearly 
younger than the lithification of the host rocks and 
are not obviously related to any igneous rocks, ac- 
count for most of the lead that has been produced 
in the world or is known as reserves (Bauchau, 1971, 
p. 9). For some of these deposits, the widely used 
term “‘strata-bound” may be misleading. As noted by 
Brown (1970, p. 104), the ores occur mainly in cer- 
tain preferred horizons or strata, and most are suf- 
ficiently conformable to bedding to be described as 
stratiform; as the ore bodies commonly occur in 
several formations of different ages, however, they 
also may be closely related to cross-breaking frac- 
tures, breccia pipes, and other tectonic features. 

In general, the most common host rocks of the 
epigenetic stratiform deposits are shallow-water 
marine carbonate rocks. In many areas they are most 
heavily mineralized near the rims of the sedimentary 
basins, adjacent to domelike positive areas, at facies 
contacts within the basins, or near unconformities 
within the basin strata. The minerals of the deposits 
consist predominantly of galena, sphalerite, and py- 
rite or marcasite. In some mines chalcopyrite, siegen- 
ite ({Co,Ni],S.), and other sulfides are present, and 
nickel, cobalt, and copper, as well as cadmium, silver, 
and germanium, are recovered as byproduct metals. 
In many deposits, the ore consists predominantly of 
either galena or sphalerite. In some deposits in the 
Kentucky-Illinois, central Kentucky, and central 
Tennessee districts, barite or fluorite are major co- 
product constituents, but elsewhere the gangue min- 
erals commonly include only calcite, dolomite, and 
jasperoid. 

The epigenetic stratiform deposits are typically 
flat lying, although in central Kazakhstan and else- 
where subsequent tectonic activity may have com- 
pressed some of them into folds or tilted them steep- 
ly within fault blocks. The ore bodies are character- 
istically large and commonly are localized by strati- 
graphic pinch-out zones, by masses of breccia of 
diverse origin, by zones of minor faults and frac- 
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tures, or by bioherms and associated sedimentary 
and organic features. Typically, ore does not occur 
on faults of large displacement, although it common- 
ly occurs adjacent to them. The prevalent occurrence 
of the ore bodies in carbonate rocks is probably re- 
lated to the tendency of these rocks to fracture 
readily and to produce breccias, to develop zones of 
secondary porosity and even karst environments dur- 
ing periods of preore ground-water movement, and 
to be highly soluble and reactive. Many individual 
ore bodies form runs of ore that are several hundred 
feet wide and 100-200 feet high and have been fol- 
lowed for a mile or more, each containing several 
million tons of ore. In the Southeast Missouri lead 
district the average grade of ore in the epigenetic 
stratiform deposits is 3-8 percent lead, 0.5—1 percent 
zine, and 0.10 percent copper; nickel, cobalt, cadmi- 
um, silver, germanium, and indium are present in 
minor amounts. In northeastern Morocco, similar 
deposits contain 5-7 percent lead in the form of 
galena and also contain sphalerite, chalcopyrite, and 
secondary dolomite. 

A few of the larger and better known districts con- 
taining strata-bound deposits of epigenetic origin 
include the Southeast Missouri (Snyder and Gerde- 
mann, 1968), Tri-State (McKnight and Fischer, 
1970; Brockie and others, 1968), Upper Mississippi 
Valley (Heyl, 1968), and Metaline (Dings and White- 
bread, 1965) districts in the United States, the Pine 
Point deposit in Canada (Campbell, 1967), Laisvall 
in Sweden (Grip, 1950, p. 367-369), Mechernich- 
Maubach and other districts in West Germany (Beh- 
rend, 1950), Silesia-Cracow in Poland (Galkiewicz, 
1967; Gruszezyk, 1967), Touissit-Bou Beker and oth- 
er areas in Morocco (Agard, 1967; Jouravsky and 
others, 1950), and Mirgalimsai, Kazakhstan (Shcher- 
ba, 1971, p. 178). Other countries that contain epi- 
genetic strata-bound lead deposits include Spain, 
France, Belgium, Austria, Italy, and Tunisia. Similar 
districts here believed to have emerging and potential 
importance as lead-producing areas in the United 
States include the Kentucky-lIllinois and central Ken- 
tucky districts and the recently discovered central 
Tennessee district. Older districts of the same gen- 
eral type that may continue to be important sources 
of lead include the Alpine lead-zinc deposits of 
Europe and the lead and zine deposits of the Appa- 
lachian Valley of the Hastern United States. 

Continuing detailed studies of the epigenetic 
stratiform deposits throughout the world indicate 
that although these deposits are similar in size and 
geological character, they differ in important geo- 
chemical details. In general, they may be divided into 
three types: (1) the Upper Mississippi Valley type, 
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(2) the Alpine type, and (8) the stratiform or strata- 
bound deposits of normal replacement origin. The 
Mississippi Valley type deposits are named from the 
extensive lead and zine ore bodies in the Tri-State, 
Southeast Missouri, Upper Mississippi Valley, and 
other districts in the Central United States but are 
also recognized in Europe and elsewhere. As stressed 
by Brown (1970, p. 116-117), they are characterized 
by isotopically anomalous lead of the J-type, which 
contains an excess of the three radiogenic compo- 
nents Pb?°*, Pb?°’, and Pb?°8, indicating a “future” 
age. In ore bodies from which an appreciable number 
of analyses are available, the J-type lead has a fairly 
wide range in its isotopic character, indicating that 
the solutions from which it was deposited were not 
magmatic in origin. Isotopic analyses of the sulfur in 
the Mississippi Valley type deposits show that it is 
within the range of sulfur of biogenic origin, the sul- 
fur of connate brines, and normal depositional sul- 
fides in sedimentary rocks. 

Studies of fluid inclusions in the sulfide and gangue 
minerals of the Mississippi Valley type ore bodies 
suggest that they were deposited from metal-rich 
brines of moderate salinity at temperatures of 70°— 
150°C. These brines are of the Na—Ca—Cl type— 
about five to 10 times as concentrated as sea water— 
and closely resemble the connate waters found in oil 
fields in adjacent sedimentary basins. The source of 
the metals is unknown; the sources favored by most 
geologists who have worked in the Mississippi Valley 
districts are the rocks and saline deposits of the 
sedimentary basins or, in particular, the igneous and 
metamorphic rocks of the crystalline basement be- 
neath the ore-bearing strata. The tendency for many 
of the deposits to be localized in stratigraphic traps 
on the flanks of broad domes suggests that during a 
period of minor tectonic deformation, connate brines 
containing metals and other components of the ore 
bodies that had been leached from adjacent rocks 
migrated upward along new and preexisting con- 
duits. Ore deposition then followed as a result of 
chemical and physical changes in the brines when 
they reached the sites of ore deposition. 

The Alpine lead deposits are similar in many re- 
spects to the Mississippi Valley type deposits but 
differ from them in containing B-type lead, whose 
isotope composition indicates an age older than that 
of the rocks and structures that enclose the ore 
bodies. As noted by Brown (1965, p. 65), the isotope 
composition of the lead in a large number of strati- 
form deposits in central Europe indicates an essen- 
tially uniform Devonian age, although the ore bodies 
occur in strata ranging in age from Devonian to Tri- 
assic. Such leads may have been carried by connate 
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fluids that percolated through the older Paleozoic 
strata and later were mixed with a minor proportion 
of younger lead derived from the host rocks or the 
prevailing oceans at the date of deposition (Brown, 
1970, p. 109). The specific origin of the metals in 
these deposits and their environment of deposition 
are the subject of much vigorous debate among Euro- 
pean geologists, some of whom favor a syngenetic or 
a meteoric origin for the deposits. 

Strata-bound or stratiform deposits that closely 
resemble the Mississippi Valley- and Alpine-type de- 
posits but contain lead whose apparent isotopic age 
is the same as the apparent age of ore deposition, 
constitute the third class of strata-bound epigenetic 
deposits. These ore bodies are genetically similar to 
the vein and replacement deposits described in the 
following sections. An example of such a deposit is 
Pine Point in Canada, which contains lead from a 
homogeneous source with model age of about 250- 
275 million years, appreciably younger than the 
Devonian host rocks (Cumming and Robertson, 
1969). Additional examples may be found among the 
Appalachian Valley lead and zine deposits of east 
Tennessee, Virginia, and Pennsylvania and in other 
stratiform deposits in other parts of the world. 


VOLCANO-SEDIMENTARY DEPOSITS 


The second most productive deposits of lead and 
zinc are lenticular bodies of massive sulfides that are 
conformable or semiconformable with interstratified 
voleanic, volecano-sedimentary, and sedimentary 
rocks. These deposits range from the relatively little 
deformed Kuroko deposits of Miocene age in Japan 
to the recrystallized massive deposits of Paleozoic 
and Precambrian ages in metamorphic rocks in other 
parts of the world. Some of these latter deposits form 
the largest individual concentrations of metal sul- 
fides yet discovered. 

The unmetamorphosed volcano-sedimentary, or 
Kuroko, deposits of Japan are massive pods and 
lenses of various sizes composed of intimate mix- 
tures of sphalerite, galena, some chalcopyrite, acces- 
sory sulfosalt minerals, barite, and gypsum (Kino- 
shita, 1981; Horikoshi, 1969). Byproducts of gold, 
silver, tin, tungsten, arsenic, barite, and other ele- 
ments are recovered locally. The deposits occur chief- 
ly in shale, sandstone, green tuff, and other clastic 
voleano-sedimentary rocks of Miocene age. Many 
show a zonal arrangement with lead- and zinc-rich 
ore (kuroko) in the center, chalcopyrite- and pyrite- 
rich ore (oko) forming an intermediate zone, and 
silica-rich pyrite ore (kieko) forming an irregular 
outer zone next to gypsum-rich altered country rock 
(Japan Geol. Survey, 1960, p. 141). The deposits are 
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essentially parallel to the stratification of the enclos- 
ing voleano-sedimentary rocks, but many are obvi- 
ously replacement deposits and are surrounded by 
envelopes of altered rocks. One of the larger ore 
bodies, the Matsumine, is more than 1,000 meters 
long, 500 meters wide, and 30 meters thick and 
originally contained 30,000,000 metric tons of ore. 
The grade of this ore body is estimated to be 2-2.5 
percent copper, 1 percent lead, 3.5 percent zinc, and 
17-24 percent sulfur (Maruyama and Sato, 1970, p. 
177). Other minable Kuroko deposits range down- 
ward in size to the Suehiro ore body, 50 meters long, 
40 meters wide, and 30 meters thick, which contains 
about 40,000 metric tons of ore that averages 4.7 per- 
cent copper, 1.7 percent lead, 3.8 percent zinc, and 
20.2 percent sulfur (Maruyama and Sato, 1970, p. 
177). Some parts of many Kuroko ore bodies, how- 
ever, consist essentially of massive galena and mar- 
matitic sphalerite. 

Geologic and mineralogic relations indicate that 
the Kuroko ore bodies were formed by submarine 
exhalative processes during the geosynclinal accumu- 
lation of their country rocks. They are most com- 
monly found as replacements of water-laid tuffs and 
similar rocks beneath caprocks of lava on the flanks 
of domes that are cored by rhyolite intrusions. Some” 
of the deposits merge downward with veins and 
stockworks that may represent the conduits for the 
relatively low temperature mineralizing solutions 
that formed the massive ore bodies. 

Deposits somewhat similar to the Kuroko deposits 
have been described at Atasu and Achisai in Kazakh- 
stan by Shcherba (1971, p. 172-174). 

Massive sulfide deposits in metamorphic rocks 
have many features in common with the Kuroko de- 
posits including large size, common association with 
volcanic rocks, strata-bound or stratiform character, 
simple mineralogy with abundant iron sulfide, and an 
absence of obvious structural localization. Some of 
them differ from the Kuroko deposits in containing 
somewhat higher concentrations of lead and zinc, 
and in being somewhat coarser textured; both fea- 
tures may be attributable to recrystallization during 
metamorphism. It is possible that many of these 
deposits are large replacement bodies that were em- 
placed long after lithification, uplift, and even meta- 
morphism of the country rock. However, a sub- 
marine-exhalative origin is suggested by their 
apparent concordant nature, their independence from 
faults and other structural features, and the common 
absence of nearby intrusive bodies. 

As a group, the massive sulfide deposits in meta- 
morphic rocks range in size from small pods contain- 
ing only a few tons or less to enormous bodies con- 
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taining more than 100 million tons. The ore is 
commonly fine grained, consisting of intimate ag- 
gregates of pyrite or pyrrhotite, sphalerite, galena, 
and chalcopyrite, with minor or subordinate amounts 
of quartz, sericite, chlorite minerals, ankerite, and 
other carbonate minerals. Host rocks include argil- 
lite, metavoleanic rocks, schists of various mineral 
associations, shale, and carbonate rocks. In folded 
terranes, the ore bodies are typically, but not invari- 
ably, found on the limbs of folds. In such widely 
separated places as Bathurst, New Brunswick, 
Jerome, Ariz., and Broken Hill, New South Wales, 
the ore bodies are intimately associated with meta- 
morphosed quartz porphyry. 

As typified by the Bathurst deposits, individual 
ore lenses may be 3,000 feet or more long and as 
much as 250 feet wide and may extend to depths 
greater than 1,700 feet. Zones of en echelon ore 
lenses in the Bathurst area are nearly a mile long 
(Gates, 1971, p. 113). The grade of the larger con- 
centrations of lead and zinc ores in the irregularly 
zoned Brunswick and Heath Steele ore bodies is 
close to 3-3.5 percent lead and 8.75 percent zinc; 
copper, silver, and gold are also recovered. Addi- 
tional examples of voleano-sedimentary deposits in 
metamorphic rocks include numerous mines in Nor- 
way (Vokes, 1962), Sweden (Kautsky, 1957), 
U.S.S.R. (Smirnow, 1960), especially Leninogorsk 
and adjacent areas (Nekhoroshev, 1941), and else- 
where (Anderson, 1969). Other great massive ore 
deposits of the world, such as Mount Isa and Broken 
Hill in Australia, Rammelsberg and Meggen in West 
Germany, Kidd Creek and Sullivan in Canada, and 
Ducktown in the United States, may have originated 
as volcano-sedimentary deposits, but conclusive evi- 
dence of their origin has not been established or may 
have been obliterated by metamorphism, recrystal- 
lization, or subsequent tectonism. 


REPLACEMENT DEPOSITS 


The third most productive source of primary lead 
is hydrothermal replacement ore deposits that are 
commonly associated with postorogenic intrusions 
of intermediate to acid composition. Most commonly 
these deposits occur in such readily soluble rocks as 
limestone and dolomite, but they also occur in 
quartzite and shale and in igneous and metamorphic 
rocks. They range in size from insignificant pods 
to extensive masses like the Cerro de Pasco ore body 
in Peru, which may have originally contained more 
than 2.3 million tons of galena, 6 million tons of 
sphalerite, and 100 million tons of pyrite, and sig- 
nificant amounts of other hydrothermal minerals 
(recalculated from Peterson, 1965, p. 446). In most 
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of the replacement deposits the dominant lead min- 
eral is galena, which is associated with sphalerite, 
chalcopyrite, and pyrite. In many deposits, silver, 
arsenic, antimony, and cadmium are also abundant, 
giving rise to a great variety of arsenides, anti- 
monides, and sulfosalts. Oxidation, which locally 
extends to considerable depth, results in a still 
greater variety of minerals and commonly aids in 
the enrichment of some lead ore by the solution and 
migration of more soluble constituents. 

The form and size of replacement ore bodies are 
largely determined by the chemical character of 
their host rocks and the geologic structures that 
localize the deposits. In less readily soluble igneous 
and metamorphic rocks and in quartzite and other 
refractory sedimentary rocks, replacement deposits 
commonly assume, wholly or partly, the form of 
such structural features as tabular fault and shear 
zones, pipe-shaped masses of intrusion breccia, flat- 
lying beds or layers of porous tuff, agglomerate, and 
similar rocks, or podlike masses of breccia of diverse 
origin. In the more soluble carbonate rocks, the re- 
placement deposits similarly assume the general 
character of the localizing structural or strati- 
graphic feature, but they also typically extend ir- 
regularly and unpredictably along a variety of minor 
or obscure features, producing ore bodies that are 
highly irregular and branching. In gently dipping, 
relatively unfractured carbonate rocks, particularly 
in central Mexico and central Colorado, the replace- 
ment bodies form flat-lying tabular bodies and near- 
horizontal pipelike bodies—both called mantos; 
these bodies commonly extend outward along one 
or more selected horizons from vertical columns or 
chimneys of ore that are several hundred feet high, 
which may or may not be localized by recognizable 
fractures (Prescott, 1926). Most of the important 
replacement deposits contain a few hundred thou- 
sand to a few million tons of ore. Many of them are 
small, but some exceed 100 million tons. The grade 
is commonly of the order of 10-30 percent of lead 
and zine combined, 3-5 percent copper, 5-50 ounces 
per ton silver, and a few hundredths of an ounce of 
gold per ton. Some deposits show a pronounced 
vertical or lateral zonation of the metals. 

Examples of some of the more important massive 
replacement ore deposits include Tintic, Utah (Mor- 
ris, 1968), Bingham, Utah (Rubright and Hart, 
1968), Gilman, Colo. (Tweto and Lovering, 1947), 
Leadville, Colo. (Emmons and others, 1927; Tweto, 
1968), central Mexico (Prescott, 1926), central 
Peru (Peterson, 1965), Sardinia, Italy (Novarese, 
1950), Trepéa, Yugoslavia (Forgan, 1950), Carta- 
gena, Spain (Pavillon, 1969), Tsumeb, South West 
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Africa (Tsumeb Corp. Ltd., 1961), Turlan, U.S.S.R. 
(Knyazev, 1954), and many others. Deposits of 
doubtful replacement origin include the Broken Hill, 
Mount Isa, and Hilton ore deposits in Australia, the 
Sullivan ore body in Canada, and one or more of the 
massive sulfide deposits in the metamorphic ter- 
ranes of Scandinavia. 

The environments of deposition of hydrothermal 
replacement deposits range from high pressures and 
essentially magmatic temperatures to low tempera- 
tures and a few atmospheres of pressure. Studies 
of fluid inclusions, isotopic ratios, and the stability 
fields of minerals and mineral associations indicate 
that the highly productive limestone replacement ore 
bodies were deposited from brines of moderate 
density at temperatures ranging from 175°C to 
500°C and at pressures of 140 to 400 atmospheres. 
Commonly the terminal phases of ore deposition 
show relatively low temperatures. Prospecting for 
these ore bodies in areas where they are entirely 
concealed is often expensive, frustrating, and un- 
rewarding. 


VEINS 


Tabular or sheetlike masses of ores that occupy 
a fracture or sets of fractures are perhaps the most 
widespread and best known type of ore deposit. In 
past centuries they have been the principal source 
of lead ores, and today they are the chief type of 
deposit being mined in several highly productive 
mining districts, including the famous Coeur d’ Alene 
district of Idaho. Veins are found in all types of 
rocks, assuming all possible attitudes and directions. 
The simplest veins are those in which the ore and 
gangue minerals partly or wholly occupy the origi- 
nal open spaces along a fracture. Filled veins com- 
pletely occupy a fracture, commonly leaving no 
residual masses of country rock; many of them are 
banded, and some show evidence of rebrecciation 
and renewal of ore deposition. Replacement veins, 
which generally occur in limestone and other reac- 
tive rocks, so extensively replace their walls that 
the character of the localizing fracture is commonly 
obliterated and the veins become indistinguishable 
from massive replacement deposits. In most dis- 
tricts, veins occur in groups or systems of sub- 
parallel trend, in which individual veins branch and 
divide, commonly joining with adjacent veins by 
means of diagonal structures. They range in width 
from narrow seams to exceptional deposits that are 
50 feet or more wide. Networks of narrow, short 
veins, or close-spaced ‘“horsetail” vein systems 
locally are mined as stockworks or compound lodes. 
Persistent veins follow faults of moderate to large 
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displacement; in the Harz Mountains, Germany, 
some of the lead-bearing veins are traceable for 12 
miles, and in the Silverton area, Colorado, single 
ore-bearing fissures are 5 miles or more in length 
(Lindgren, 1933, p. 164). The vertical extent of 
most veins is generally less than their length. Some 
disappear within a few tens of feet below the sur- 
face; others have been followed downdip for as much 
as 10,000-11,000 feet. Because of greatly increased 
operating costs at depth and the relatively small 
volume of ore in most ore shoots, only those base- 
metal veins with a high proportion of gold or silver 
can be mined below 2,000-3,000 feet. 

Few veins contain ore of minable grade for their 
entire length or depth. The ore minerals are con- 
centrated in ore shoots, which may be enclosed in 
halos of low-grade material or separated by 
stretches of barren gangue minerals. The shoots 
have a wide range of size, shape, and continuity, 
ranging from small bunches or kidneys to great 
vertical or horizontal sheets, or to narrow vertical 
pipes. They may occur at places where there is a 
change in the strike or dip of the vein or in the 
character of the wallrocks, or at vein intersections. 
Recognition of such habits is useful in exploring for 
new ore shoots, although more subtle factors re- 
lated to changes in the temperature, pressure, and 
chemistry may have been predominant in the pre- 
cipitation of the ore metals. In the Coeur d’Alene 
district of Idaho, the highly productive Star-Morn- 
ing ore shoot has a dip length of 6,700 feet, a strike 
length of about 4,000 feet, and a maximum width of 
about 50 feet (Hobbs and Fryklund, 1968, p. 1426). 
In contrast, the lead ore shoots in the North Pen- 
nine district of England, which are localized at the 
traces of relatively thin beds of hard limestone and 
sandstone along the vein, are as much as 3,000 feet 
in length but extend only 65 feet from top to base 
although they are locally connected with other over- 
lying and underlying horizontal ribbon ore shoots 
by steep pipe-shaped ore shoots as much as 585 feet 
long (Dunham, 1949, p. 77-78). 

In mineralogy and grade, the lead-producing ore 
shoots in veins are similar to the replacement and 
other type of ore bodies. The dominant minerals are 
galena and sphalerite and pyrite. In some deposits, 
argentiferous tetrahedrite, chalcopyrite, silver-lead 
sulfosalts, and, rarely, cobalt, nickel, and uranium 
minerals are also important. Gangue minerals com- 
monly include quartz, siderite, calcite, barite, and 
fluorite. The grade of ore ranges from a few per- 
cent to as much as 50 percent or more combined 
lead and zine. As indicated, many lead-producing 
veins are mined chiefly for their content of silver 
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and other metals, or for fluorite, barite, or calcite. 

In addition to the great Coeur d’Alene district of 
Idaho and the North Pennine district of England, 
other examples of highly productive vein-type lead 
deposits include the classic districts of Clausthal, 
West Germany, Freiberg, East Germany, and Pri- 
bram, Czechoslovakia (Berg, 1927), Santa Barbara, 
Fresnillo, and Taxco in Mexico (Gonzales Reyna, 
1950), Morococha, Casapaleca, San Cristobal, and 
others in Peru (Peterson, 1965), Butte, Mont. 
(Meyer and others, 1968), Montevecchio, Italy 
(Zuffardi, 1950), and many others. It should be 
noted, however, that some districts that are well 
known for other types of lead deposits, such as the 
Tintic, Park City, Leadville, and Pioche districts 
of the United States, and a great many others, also 
contain vein deposits of considerable importance. 

The apparent environments of deposition of lead- 
bearing veins are generally as widely varying as 
the depositional environments of replacement de- 
posits. They range in character from high-tempera- 
ture veins containing galena in association with 
tourmaline (Knopf, 1913) and with garnet, heden- 
bergite, actinolite, fluorite, and quartz (Spurr and 
Garrey, 1908) to crustified epithermal veins that 
were deposited at low temperatures and shallow 
depths, commonly in association with fluorite, cal- 
cite, and quartz. The extreme temperature range 
may extend from 50°C to 550°C, and the pressure 
range from 1 to 1,000 atmospheres or more. Some 
veins, such as those of the Kentucky-Illinois fluor- 
spar and lead district and possibly those of the 
North Pennine district of England (Dunham, 1949), 
are classified with the Mississippi Valley type 
deposits. 


CONTACT PYROMETASOMATIC DEPOSITS 


Although the irregular or pod-form lead deposits 
that occur in the aureoles of granitic plutons may 
have importance locally, particularly in Japan, they 
are relatively unimportant in terms of gross pro- 
duction. These deposits are localized chiefly in limy 
or dolomitic rocks that have become bleached, re- 
crystallized, and silicated by solutions that were 
associated with intrusions of intermediate compo- 
sition. Some deposits also occur in calcareous shales, 
tuffs, and sandstones. In general the contact depos- 
its range in form from tabular bodies and masses 
of unpredictable shape to veins. The more common 
metallic minerals include galena, typically less abun- 
dant than iron-rich sphalerite, chalcopyrite, pyrite, 
pyrrhotite, arsenopyrite, and magnetite. In some 
deposits, bismuth, molybdenum, and tungsten min- 
erals and native gold may also be present. The 
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gangue minerals include diopside, hedenbergite, gar- 
net, fluorite, epidote, actinolite, ilvaite, tremolite, 
quartz, and a variety of other silicates. 

The deposits range in size from insignificant 
veins and lenses to large pods, one of which, at the 
Kamioka mine, Japan, is 850 feet long, 280 feet 
wide, and has been proven to a depth of 1,575 feet 
(Japan Geol. Survey, 1960, p. 182). This mine 
annually produces more than 1.5 million metric tons 
of ore containing 1.12 percent lead, 5.80 percent 
zine, and 0.84 ounce per ton of silver. A somewhat 
similar but relatively lead-poor ore body in the 
Central district, New Mexico, 2,500 feet long, 30 
feet wide, and 80 feet high (Lasky and Hoagland, 
1950, p. 106), contained sphalerite and small 
amounts of galena and chalcopyrite, in association 
with andradite, salite, hedenbergite, ilvaite, and 
other minerals (Hernon and Jones, 1968, p. 1229). 
The average grade of this ore was probably close to 
14 percent zinc, 0.13 percent lead, 6.19 percent iron, 
and 10.19 percent sulfur (Lasky and Hoagland, 
1950, p. 106). Other contact pyrometasomatic de- 
posits that produce lead include the Chichibu, Naka- 
tatsu, Obori, and other deposits of Japan (Japan 
Geol. Survey, 1960, p. 180-183), Tetyukhe in Si- 
beria (Grigor’yev, 1936), Parroquia-Magistral and 
La Sirena in Mexico (Gonzalez Reyna, 1950), Falun, 
Garpenberg, Saxberget, Stollberg, Ammeberg, and 
other mines in Sweden (Magnussen, 1950), Trepta 
in Yugoslavia (Forgan, 1950), and possibly the 
Darwin mine in California (Hall and MacKevett, 
1962). In some of these deposits lead is merely a 
coproduct or byproduct of zinc, copper, silver, or 
other metal. 

The spatial and temporal relations of contact 
pyrometasomatic ore deposits with nearby intru- 
sions indicate that hot, metal-enriched solutions rose 
steeply within the fractured margins of the plutons 
and spread laterally into the fractured and brecci- 
ated wallrocks. Where these wallrocks consisted of 
argillaceous and arenaceous limestone and dolomite, 
they were commonly converted to skarn and were 
also locally replaced by sulfide minerals and mag- 
netite. The intimate association of galena, spha- 
lerite, chalcopyrite, and other sulfide and oxide min- 
erals with anhydrous garnet and pyroxene minerals 
and the thermodynamic stability of these metallic 
minerals above 600°C (Holland, 1965, p. 1140-1147) 
both indicate a depositional environment with 
temperatures and pressures not far below the solidi- 
fication temperatures and pressure of the associated 
igneous rocks. These temperatures and pressures 
are above the critical constants for water, indicating 
deposition from supercritical solutions. It is recog- 


LEAD 


nized, however, that the temperatures diminished 
with time and that some copper-zinc-lead deposits 
in contact zones are hydrothermal rather than pneu- 
matolytic in origin. 


RESOURCES 
RESERVES 


The reserves of lead contained in ores in known 
mines and districts in the world are here estimated 
to be about 141 million short tons, the equivalent 
of a 31-year supply at the 1971 rate of consumption, 
or a 22-year supply, not including recycled scrap, 
if an average annual increase in consumption of 3 
percent is assumed. 

These reserves are found on all of the continents 
except Antarctica, occurring in more than 40 coun- 
tries, as shown in table 65. The greatest concentra- 
tion of lead reserves is in the Southeast Missouri 
lead district; Weigel (1965, p. 77) estimates a 
potential of 30 million tons of contained lead for 
the Viburnum area alone. Other areas containing 
significant concentrations include south-central Brit- 
ish Columbia and east-central New Brunswick in 
Canada, central Mexico, central Peru, the Balkan 
nations in Europe, the Kazakhstan and Trans- 
Baikal areas, U.S.S.R., and in particular, central, 
north-central, and other parts of Australia. 

The estimate of reserves presented in table 65 
compares with an estimate of 50 million tons of 
measured and indicated ore and a possibly equiva- 
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lent amount of inferred ore made a decade ago by 
Callaway (1962, p. 2). The difference between the 
two figures possibly reflects in part a more conser- 
vative approach by the U.S. Bureau of Mines as 
compared with the Geological Survey, but it should 
be noted that Callaway’s data preceded the discovery 
and development of enormous lead deposits in south- 
east Missouri, north-central Australia, Roumania, 
and elsewhere during the past 10 years. Recent 
unpublished Bureau of Mines estimates of the 
measured and indicated reserves of lead in the 
world are much closer to the estimates presented 
here. 

The data presented in table 65 have been assem- 
bled chiefly from such sources as: Published esti- 
mates of tonnage and grade of ore reserves of spe- 
cific mines and districts, which were based originally 
on physical exploration and geologically permissive 
extensions of known ore bodies, estimates made from 
narrative descriptions of the general size, charac- 
ter, and grade of less well developed deposits, and 
10-, 20-, or 30-year projections of production data 
from long-term lead-producing countries for which 
specific reserve data or mine descriptions are not 
available. The validity and accuracy of these data 
are thus contingent upon a number of factors, m- 
cluding: The degree to which some ore bodies, par- 
ticularly those of the irregular limestone replace- 
ment type, are accurately delineated more than a 
few years in advance of mining; the extent of cur- 
rent knowledge of the geology and ore habits within 


TABLE 65.—Estimate of world reserves’ of lead, by regions or countries 
[In thousands of short tons] 


North America: Central America: Africa: 

Canada: Mexico) = os. see sen isco e eee eeeee 4,500 Algeria 750 
Miukon) 22! seceol SU sss See Boek 3,500 Honduras 250 Morocco 1,500 
Northwest Territories ~._.._____ 1,250 Other 100 South West Africa 1,500 
British Columbia --------------- 5,000 aS Tanzania 100 
Saskatchewan-Manitoba 200 Total, Central America --------_ 4,850 Tunisia -__- 400 
Ontario 400 —- Zambia -_ 750 
New Brunswick 4,500 South America: Other 200 
Newfoundland 300 AG gs entinage= =a eee eee 1,000 4 
Other 700 ‘Bolivia ees) se eee 800 Total, Africa 5,200 

eae SES ee aSseecosssoces 750 
Chie===-——- = 100 Asia: 
BOWL (CERGE) aac aecnersasace asa Colombia _-.----..---- 25 Burma. ersiarnl etary, 759 
aa at (Reruiy, soas= 225s sees a eee i ee ,000 

United States: aT B50 CNS oa oe naTRE: EERE 125 
Northeast Washington _ 150 Total, South America -__---___- 6,175 Tre ree ee eae EO 2,000 
Coeur d’Alene district - 1,500 Japan eee ses Me Eth Bh TE 1,200 
Butte district -----_-- 500 Europe North, Koreap-- 2.2. ee 1,800 
Great Basin --_-_- 2,500 Austria 175 Russia _(U.S.S.R.) 18,000 
Rocky Mountains ------__----__ 1,000 Bulgaria 3,500 South Korea 500 
Mri-Statey mee oee none ce nn none ee 250 East Germany ---- 500 Thailand 20 
Southeast Missouri --_--_-_-___- 30,000 Finland 100 Turkey - 100 
Upper Mississippi Valley -----_ 1,000 Brance! +2 222, See eur eis 700 
Kentucky-Illinois ~-_------------ 30 Greece), 222 eas eee Ses 300 Total,; -Asiay)<22--.- fo 20 -s2—Fo.> 27,495 
East Tennessee -----_-------_--- 10 Ireland 2,000 
Austinville district --------_--_ 100 Italy —-__ 1,000 Oceania: 

Northern New York --_-------_ 45 Norway - 100 Atistraliay yon en eee 18,500 
Appalachian Massive: Poland 2,500 —— 
el 100 Rumania 500 ‘World! total 2222-2 eee 140,950 

1,000 Spain’ fa aaa a ae 2,750 

=——— Sweden --_-___ 2,500 

Total, United States _ 89,185 West Germany 4,500 

= Yugoslavia -_______ 8,000 

Greenland) Soe2----4-~--<-e-— = 70 Other 500 

Total, North America _____--- 54,105 Motal eb urope ees asses ee aes 24,625 


1 Reserves: 


Identified deposits from which minerals can be extracted profitably with existing technology and under present economic conditions. 
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specific districts; the common practice of maintain- 
ing secrecy about the development of new ore re- 
serves or the loss of established reserves; and 
political and economic factors leading to a paucity 
of data from Communist nations such as China and 
the U.S.S.R. These factors may result in a margin 
of error of as much as 25 percent for some countries, 
but it should be noted that virtually all past esti- 
mates have erred in being considerably smaller than 
subsequent estimates based on more complete data 
and that most of the larger reserves are contained 
in deposits that are either well explored by drilling 
or extensively developed in operating mines. 

In estimating lead reserves, price-cost and other 
economic factors should be considered together with 
technological advances in mining, milling, and smelt- 
ing practices. The data of table 65 include all low- 
grade ores that can be mined at the currently pre- 
vailing relatively high price of lead. Decreasing 
prices and increasing costs will diminish ore re- 
serves, and some of these ore reserves may be 
irretrievably lost if the higher grade parts of the 
deposits are mined, thereby eliminating the possi- 
bility of blending ores to produce acceptable mill 
feeds. Conversely, a price increase, or more ex- 
pectably, technological advances that substantially 
reduce mining and milling costs or permit the utili- 
zation of complex ores,-can abruptly increase appar- 
ent ore reserves by the inclusion of large tonnages 
of lead-bearing materials formerly considered to 
be unprofitable. In this category, in addition to 
conventional ores of subeconomic grade, are large 
volumes of lead-bearing slags, mill tailings, and 
mine wastes that are not considered in this report. 


CONDITIONAL RESOURCES 


Lead deposits of subeconomic grade have been 
recognized and explored to various degrees through- 
out the world, both on land and in the ocean basins. 
These deposits include not only conventional ore 
bodies that are similar to productive deposits ex- 
cept for a lower grade, but also unconventional de- 
posits that previously have not been mined. The 
total quantity of lead in these presumed resources 
is not accurately known, but estimates of their 
contained metal—disregarding the potentially large 
problems inherent in achieving reasonable mining 
and metallurgical recoveries—may range as high as 
1.5 billion tons of lead. 

The predominant resource of low-grade lead- 
bearing material in this category is the manganese 
nodules that occur in considerable volume on parts 
of the ocean floor and on the beds of some fresh- 
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water lakes. Although these nodules are considered 
to be of potential value chiefly as a source of man- 
ganese, nickel, copper, and cobalt, they contain an 
average of about 0.10 percent of lead, which may 
be recovered in some of the hydrometallurgical 
processes now being investigated. Mero (1965) esti- 
mates 1.656 trillion tons of nodules for the Pacific 
Basin alone. These nodules contain an average of 
0.09 percent of lead, approximately 1.3 billion tons. 
Over large areas where the nodules are particu- 
larly rich in nickel, copper, and cobalt, and where 
they presumably would be mined first, the average 
lead content is 0.18—0.30 percent and thus would be 
an important early coproduct. Similar deposits oc- 
cur in the Atlantic and other oceans and in parts of 
Lake Michigan. Although mining and metallurgical 
reduction techniques are currently under investiga- 
tion, no attempts at commercial exploitation have 
yet been made, and a question may be raised as to 
the validity of considering the nodules a mineral 
resource in the conventional sense at this time. 

An example of another large but more conven- 
tional resource of subeconomic lead-bearing material 
is the famous Kupferschiefer and adjacent beds of 
the Zechstein and equivalent formations of Europe 
(Deans, 1950). Although this formation is best 
known and once was widely mined in Hast Germany 
for copper, it is believed to contain far greater 
quantities of lead and zinc, some of which was re- 
covered as coproducts and byproducts. According 
to generalized estimates by Richter-Bernburg 
(1941), the portion of the Zechstein Formation 
extending between Magdeburg and Richelsdorf in 
East Germany alone may contain as much as 100- 
150 million tons of lead and 200-250 million tons of 
zinc as compared with only 50 million tons of copper. 
However, mining is not feasible under current eco- 
nomic conditions because of the limited thickness of 
the ore-bearing stratum, the relatively low tenor of 
the ore, the depth of large parts of the ore bed, 
and other factors. Mineral-bearing parts of the 
same stratigraphic unit also extend into West Ger- 
many, Poland, where it is currently being mined 
for copper, silver, and other metals, and northeast- 
ern England; the total quantity of their contained 
lead is not known but is probably much less than in 
East Germany. 

Similar, but less well known, syngenetic deposits 
are currently being studied in the Belt Supergroup 
of northern Idaho and northwestern Montana. Pre- 
liminary estimates based on initial, incomplete 
surveys indicate a potential of 1 million tons or 
more of contained lead. However, the mining of 
adjacent and more valuable copper ore bodies may 
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result in a loss of the lead resources (A. L. Clark, 
oral commun., 1972). 

Known and partly explored lead deposits of pre- 
sumably large size also occur in strata-bound ore 
bodies in central Tennessee, central and south- 
central Missouri, northern Arkansas, central Texas, 
northeast Washington, and central Kentucky in the 
United States; in several areas in western Canada; 
in central Europe; in North Africa; and in the 
U.S.S.R. Other low-grade deposits are known in 
several mining districts in the Rocky Mountains and 
Great Basin, and in numerous districts that contain 
vein and replacement deposits in other parts of the 
world. Similarly, many low-grade, lead-bearing mas- 
sive sulfide deposits in the Hastern United States 
have not been fully explored or developed, at least 
during recent decades, and some may contain sig- 
nificant recoverable resources. Eventual exploration 
and development of some of these low-grade depos- 
its are expected to disclose, from time to time, sec- 
tions that are of fairly high grade. 

Another conditional, but perhaps unconventional 
resource of lead and other metals is the mineralized 
sediments that occur in the thermal deeps of the 
Red Sea basin (Degens and Ross, 1969). According 
to Bischoff and Manheim (1969, p. 535), the upper- 
most 10 meters of the Atlantis Deep in this basin 
contains 50 million metric tons of mineral-bearing 
sediment containing 3.4 percent of zinc, 1.3 percent 
of copper, 0.10 percent of lead, and about 1.6 
ounces per ton of silver. The adjacent Discovery 
and Chain Deeps contain similar sediments of lower 
concentration, and presumably other undiscovered 
thermal areas in the world’s ocean basins are the 
sites of metal-enriched sediments. Like the man- 
ganese nodules, exploitation of these deposits will 
pose many problems. 


HYPOTHETICAL RESOURCES 


Throughout the history of mining and exploration, 
only a few of the larger mining districts have been 
totally worked out and abandoned. Successive gen- 
erations, armed with new concepts, new techniques, 
and new-found optimism, have successfully rede- 
veloped old mines and discovered new deposits that 
were somehow overlooked by their predecessors. In 
many areas throughout the world, small or unim- 
portant districts have also been developed into ma- 
jor producers. With the passage of time, mining 
has been carried to greater and greater depths, and 
new, totally concealed ore shoots and even centers 
of ore deposition have been discovered. Areas that 
hold promise for the discovery of new ore centers 
in active or formerly active mining districts in- 
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clude, among many examples, the central plateau 
of Mexico, the cordillera of Peru and adjacent coun- 
tries, the districts of Kazakhstan that are under- 
going accelerated development, and even the classic 
districts of Europe, United States, and Canada. 

Like the “Identified Resources,” the ‘Hypothetical 
Resources” include ores that are technologically 
recoverable as well as those that are subeconomic. 
Any attempt to quantify the amount of lead that 
may be contained in them would be perilous, but it 
may be generally estimated to be equal to half or 
more of the known world reserves. 


SPECULATIVE RESOURCES 


The volume of recoverable and subeconomic lead 
ores in undiscovered districts cannot be estimated, 
but they may equal or exceed all of the reserves cur- 
rently known throughout the world. During the past 
few decades, new mines and ore centers that rank 
among the largest that are known have been dis- 
covered in Canada, Australia, United States, and 
other countries throughout the world. These depos- 
its occur in a variety of geologic terranes, but had 
remained undiscovered because they were totally 
concealed by barren rocks or because insignificant 
exposures did not indicate their true size or grade. 
Inasmuch as vast areas of possible mineral-bearing 
rocks underlie glacial debris in North America, 
Europe, and Asia, deep soil and other surficial de- 
posits in the tropic, temperate, and arid regions of 
the world, and even the marine waters of the con- 
tinental shelves, it is certain that similar deposits 
will continue to be discovered during the indefinite 
future. Many of these deposits are amenable to dis- 
covery through geophysical and geochemical explora- 
tion; others, such as those that are thoroughly oxi- 
dized or deeply buried, will be discovered only as a 
result of imaginative geologic analysis and coura- 
geous physical exploration. Inasmuch as lead de- 
posits are widely distributed in many different geo- 
logic environments throughout the world, such 
geologic analysis will be applied most successfully 
to specific types of lead deposits in specific geologic 
terranes. As in the past, it will be chiefly based on 
continuing studies of the genesis of ore deposits and 
the features that determine their distribution and 
localization in the earth’s crust, and it must be 
coupled with a willingness to consider and test 
pioneering concepts of ore deposition and distribu- 
tion. 


PROSPECTING TECHNIQUES 


The principal new discoveries of lead deposits 
like most other types of mineral deposits, have been 
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made mainly in existing mining districts through 
direct physical exploration of undeveloped areas 
that are geologically similar to the environments of 
the known ore deposits. In previously unproductive 
but geologically favorable terranes and in small or 
relatively inactive districts, the preliminary tech- 
niques of exploration employed in advance of drill- 
ing, shaft sinking, or drifting are less direct and 
may be divided into three categories: geologic, geo- 
chemical, and geophysical. These techniques may be 
used separately or in any combination or sequence. 
Prior to World War II and the era of accelerated 
exploration that followed it, some new discoveries 
were chance finds or were made through serendipi- 
tous observations during unrelated efforts. As noted 
by McKinstry (1948, p. 413), however, such lucky 
accidents often make entertaining anecdotes but are 
not the source of many mine discoveries. Most mod- 
ern discoveries result from scientifically directed 
prospecting, a costly undertaking. 

Geologic techniques for prospecting for lead de- 
posits range in magnitude from the regional delinea- 
tion of mineral belts, greenstone belts, and other 
metavoleanic terranes and areas of domal uplift on 
cratonic platforms to the solution of the problem 
of fault displacement of part of a minor ore body— 
all based on geologic mapping at appropriate scales. 
Features to be recognized and evaluated, especially 
in the search for concealed deposits or deposits 
with unimpressive surface manifestations, are struc- 
tural and stratigraphic localization of ore, chemical 
and mineralogical changes in the adjacent wallrocks, 
zonation, and temperature and pressure regimes. 
Among many examples of mineral discoveries based 
largely on geologic reasoning are the lead deposits 
of the Viburnum area, Missouri, the lead and zinc 
deposits of central Tennessee, and on a smaller scale, 
the polymetallic Bulldog Mountain mine, Creede dis- 
trict, Colorado (Steven and Ratté, 1960; Cox, 1965). 

Geochemical exploration is generally used in con- 
junction with geologic studies in several ways: to 
help eliminate unmineralized tracts within broad 
areas that are geologically favorable, to identify 
halos of dispersed metals in rocks or in residual sur- 
ficial deposits above and adjacent to concealed de- 
posits, to delineate the source areas of ore-metal 
dispersion trains in transported materials such as 
stream sediments and glacial till, and to determine 
possible patterns of compositional zonation of known 
deposits or groups of deposits. The techniques used 
include chemical, spectrographic, radiometric, and 
atomic-absorption analysis, heavy-mineral dispersion 
studies, and analysis of geobotanical relations 
(Hawkes, 1957). Examples of lead-producing mines 
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that were discovered, at least in part, by geochemical 
techniques, include among others the Laisvall, Rak- 
kejaur, and other deposits in Sweden (Grip, 1953), 
the Burgin deposit, Utah (Bush and others, 1960), 
and the Tynagh ore body in Ireland (Clark, 1965). 

Geophysical prospecting techniques are based on 
certain physical characteristics of ore minerals, ore 
bodies, or ore host rocks that contrast with their 
enclosing country rocks and may be detected, meas- 
ured, and evaluated rapidly, cheaply, and usually at 
some distance from the body being sought or through 
a concealing cover. Such characteristics include den- 
sity, magnetism, electrical conductivity, radioactivi- 
ty, and seismic response. In the search for metallic 
mineral deposits, including galena ore bodies and 
especially polymetallic sulfide deposits containing 
galena in association with high proportions of pyrite 
and pyrrhotite, the most successful methods during 
the past decade or so have been airborne magnetic 
and electromagnetic surveys that establish the posi- 
tion, size, and trend of anomalies over large areas of 
till-, forest-, or swamp-covered terrane, followed by 
detailed ground surveys that employ other geophysi- 
cal, geochemical, and geologic techniques. These 
methods have been especially successful in the Pre- 
cambrian shield areas of the world where large 
massive sulfide deposits are concealed beneath a rela- 
tively thin cover of surficial material. The aeromag- 
netic surveys delineate greenstone belts, intrusive 
bodies, major faults, and other geologic features that 
are commonly concealed. The electromagnetic (EM) 
systems are then used to create a low-frequency in- 
ductive field in the vicinity of the low-flying aircraft, 
inducing eddy currents in the conductive ore bodies; 
the secondary fields radiating from the conductive 
bodies are then detected by receivers. The applica- 
tion of EM techniques has been greatly enhanced in 
recent years by the development of rapid data- 
processing equipment coupled directly to the trans- 
mitting and receiving equipment. Other techniques 
that may be used concurrently with airborne mag- 
netic and electromagnetic methods include infrared 
and radar imagery, color and multiband photogra- 
phy, and side-viewing radar. 

Geophysical techniques used on the ground in the 
evaluation of anomalies discovered by airborne meth- 
ods include a variety of EM systems that are similar 
to the airborne EM systems, the long-established and 
widely used induced polarization (IP) methods, and 
the audiofrequency magnetic (AFMAG) method, 
which utilizes natural currents of the earth that arise 
chiefly from thunderstorm activity in the equatorial 
regions. Locally, resistivity and self-potential meth- 
ods also continue to be used. Hach of these systems 
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may be somewhat limited, or have special applica- 
tions, when used in the search for specific types of 
ore bodies. In general, the surface EM systems have 
been most successfully applied in the exploration for 
massive sulfides beneath thin glacial overburden; the 
IP systems are widely used in the exploration for 
disseminated sulfides of the porphyry copper or Miss- 
issippi Valley types, although disseminated barren 
pyrite, graphite, and some clay minerals also give IP 
responses. The AFMAG system is useful in locating 
deep conductive features and can be used to trace 
major faults and belts of rocks that have a wide 
range of conductivity. 

Many important lead-producing deposits have been 
discovered as a result of geophysical prospecting. 
These include the Brunswick, Heath Steele, Kidd 
Creek, and many others in eastern Canada, the Lady 
Evelyn in northern Australia, the Gortdrum and 
Silvermines deposits in Ireland, deposits in the Skel- 
lefte area, Sweden, the Vihanti district in Finland 
and others (for a more complete list see Pemberton, 
1966, and other sources). 


PROBLEMS FOR RESEARCH 


The reserves and identified world resources of lead, 
unlike resources of many other mineral commodities, 
appear to be adequate for the foreseeable future. 
Despite an accelerating rate of consumption since 
World War II, these reserves and resources have not 
only kept pace with extraction but have been sub- 
stantially increased as a result of highly successful 
exploration in many countries. Enormous submargin- 
al resources have been recognized in the ocean basins 
in the form of heavy-metal-rich manganese nodules, 
which eventually may become a competitive source 
of lead. It would appear that the main problems con- 
cerning lead are related not so much to the avail- 
ability of resources as to mining, processing, and use 
of lead in our modern mechanized society. As these 
aspects are beyond the scope of this paper, they are 
noted here only briefly. 

Of chief concern is the toxicity of lead to humans, 
resulting in a variety of health hazards, particularly 
in the urban environment, and the resultant loss of 
markets for some lead products as selected uses of 
lead are restricted or prohibited. For example, recent 
legislation has virtually eliminated the use of lead 
pigments in interior paints and greatly restricted 
their use in many exterior and industrial applications. 
Similarly, legislative action has been directed toward 
reducing or eliminating lead in high-octane gasoline. 
Although such action may be required to bring about 
the adoption and use of some catalytic exhaust-con- 
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trol devices and to prevent atmospheric contamina- 
tion, the advantages of tetraethyl lead in controlling 
the burning rate of gasoline in high-compression 
engines, which greatly decreases the consumption of 
gasoline under conditions of constant performance, 
may force the adoption of smog-reducing exhaust 
systems that are compatible with at least a small 
quantity of lead in most gasolines, or that remove 
lead along with carbon monoxide, nitrogen oxides, 
and unburned hydrocarbons. Other factors leading to 
decreased use of lead include the expanding use of 
plastic cable sheaths and caulking compounds and 
the use of alternate compounds in solder, type metal, 
and coatings. 

Despite these restrictions on the use of lead, in- 
creased consumption is anticipated as a result of the 
accelerating use of automobiles and trucks through- 
out the world, the development of battery-operated 
vehicles for delivery and commuter transport, the 
growing demand for lead as an additive to improve 
the machinability of steel, brass, and other alloys, 
and the small but possibly increasing use as radia- 
tion shielding that will be required in the wider 
adoption of atomic energy. 

More directly related to the problems of reserves 
and resources are the many difficulties inherent in 
utilization of fine-grained, complexly intergrown 
massive ores that constitute an important part of 
the reserves of lead and other metals in southeastern 
Canada, Eastern United States, Japan, and else- 
where. Despite many attempts, some of these ores 
have not been amenable to processing efficiently or 
profitably by conventional milling and smelting tech- 
niques. Continued development of chemical ore- 
processing methods and of continuous-smelting tech- 
niques that do not require clean separation of galena, 
sphalerite, pyrite, and copper sulfide minerals should 
lead to greater development of these massive sulfide 
ore bodies. 
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ABSTRACT OF CONCLUSIONS 


The United States is adequately supplied with both struc- 
tural lightweight aggregates (scoria, volcanic cinder, pumice 
and pumicite, expandable clays, shales and slates, diatomite, 
expanded blast-furnace slag, and fly and bottom ash) and 
ultralightweight aggregates (expanded perlite, expanded 
pumicite, and exfoliated vermiculite). The aggregates are 
low unit value, high place value materials, partly because 
large quantities are available and partly because normal- 
weight (sand and gravel) and synthetic aggregates are 
stiff competition. However, they have high place value, in as 
much as transportation costs largely determine whether they 
are used. 

Recoverable reserves of expanded clays, shales, and slates 
are equivalent to about half the cumulative output needed 
through the year 2000. For the same period, scoria, cinder, 
pumice, and pumicite reserves are at least twice the esti- 
mated demand, and perlite reserves seem to be at least as 
large, and vermiculite reserves somewhat larger than their 
respective demands. 

Virtually no export or import markets exist for the light- 
weight aggregates. Along the eastern seaboard, oceanic 
freight rates allow competition between pumice from western 
domestic sources and pumice imported mostly from the Medi- 
terranean area, but only a few hundred thousand tons per 
year are involved. For similar reasons, a few thousand tons 
of vermiculite are imported annually from the Republic of 
South Africa. A few thousand tons of domestic perlite are 
exported to Canada per year. 

The prospects for converting hypothetical and speculative 
resources of clays, shales, scoria, cinder, pumice, and pumi- 
cite to recoverable reserves are excellent. For perlite and 
vermiculite, the prospects are good. 


FOREWORD 


Many materials serve primarily as lightweight 
aggregates for concretes and plasters, but some of 
them find even more use as construction materials 
in their own right, as components in manufacturing 
processes or in end products, or as aids of various 
kinds in agriculture. Some are used for their physical 
properties alone, but for most the chemical prop- 
erties also are significant. Some are used with only 
minimal processing, such as crushing and grading, 
but others require fairly complex and sophisticated 
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treatment. Many are mineral raw materials, others 
are waste or synthetic products, and some are or- 
ganic materials. A brief look at the array of ma- 
terials and at some of their properties is given in 
table 66. Several of the materials touched on in this 
chapter are also discussed in other chapters. (See 
“Abrasives,” “Clays,” “Diatomite,” “Pigments and 
Fillers,’ ‘“Magnesian Refractories,’ and “Silica 
Sand.’) 

The distinction between normal-weight and light- 
weight aggregates is made at about 75 lb per cu ft 
(pounds per cubic foot) for loose graded aggregate. 
Most lightweight aggregates weigh considerably 
less; generally those used for structural purposes 
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are in the 35- to 60-pound range and those used for 
non-load-bearing purposes are in the 5- to 20-pound 
range (ultralightweight aggregates). 

Expanded clays and shales make up more than 
70 percent by weight of the structural lightweight 
aggregates used annually, with the remainder di- 
vided among expanded slate, scoria, expanded slag, 
and fly ash at about 6, 7, 15, and 2 percent, respec- 
tively. The production data for clays and shales are 
commingled and cannot be separated satisfactorily, 
but about half of all the aggregate seems to be 
made from expanded shale. 

Vermiculite and perlite are the most used ultra- 
lightweight materials, each with about one-third 


TABLE 66.—Classification and properties of lightweight aggregate materials 


Composition Texture Expansion Texture Weight 
Materials (weight percent) (unexpanded) needed (expanded) (Ib per cu ft) Remarks 
Products of explosive volcanism 

Pumiceseo2s 2 Silicie’ 2 228s Frothy, very iNonemi—= =< Unchanged --____ 30-60 Blocks and fragments 

vesicular. of coherent glass. 

Pumicite’ 222225 =-“ do 22222 2 Sse Porous soe sceseoceesese ss ssido) ss sSsSe2e= 60-70 Shards of glass; very 

fine grained; very 
low str 3 exe 
pansible. 

Scoria) =22=2<-== Basie, ¢2225222-ceSss5= Clinkerlike, Soe) S233 eseeeees s82d04.cs2se52ee5 35-75 Tephra as bombs and 

very vesicular. lapilli; vesiculated 
zones in lava flows. 

Werlites)==———=—— Silicic (H2O0:2-5) ---_ Fractured, To X 6; about 1,400°F. Cellular, frothy 6-16 Low strength; high 

onionskin spheres. permeability to sur- 
partings. face area ratio; 
ultralight. 

Obsidian ~--____ Silicic (H20:<2) ----_ Dense glass, To about X 5; 1,400°- ~---do -----_--__ 25-30 Do. 

conchoidal 1,500°F. 
fracture. 
Deposits of sedimentary origin 

Clays, shales, Wide range; silty, Dense, may be To X 2-3 at about Cellular, fairly 30-60 Kiln or sinter product; 
slates. calcareous, carbona- fissile. 1,800°-2,200°F. uniform. good strength; red 

ceous, ferruginous. ores least likely to 
expand. 

Diatomite ______ SiOz, close to 100, may Porous, may Noneyg- = soe === Cellular ~----_-_- 30-50 Coproduct of calcining 
be clayey, petrolif- be friable. for filter aid products. 
erous. 

Alteration of mafic silicate minerals 
Vermiculite Hydrated magnesium- Micaceous ~_____ To X 8-15 at about Accordionlike -—-~_ 6-15 Supergene alteration of 
(Hydrobiotite). iron-aluminum 2,000°F. biotite, phlogopite, 
silicates; varies hornblende, diopside, 
considerably. augite, olivine, chlor- 
ite, serpentine; low 
strength; ultralight. 
Byproducts of manufacturing processes 

Blast-furnace Best slag is Liquid slag --__ About X8 at ambient Cellular, fairly 85-60 Zine and phosphate 

slag. SiO2=35-38; temperature. uniform. smelter slags have 
Ca0-+ Al203=44-47; also been used suc- 
low MgO, FeO, S. cessfully. 

Fly ash, Wide ranges; Si0z+ Extremely fine None? (===. 23s. Cellular ~------._ 35-55 Ash from burning pul- 
bottom ash, AleO3+ FeeO3:>70, grained. verized coal; sintered 
coke breeze. MgO:<5; SO3:<3; to cause agglomera- 
i alkalies:<1.5. tion. 

Cinders -______ edo elastase Cellular, Nones.-—- > Unchanged ------ 40-60 From burning of pea- 

nonuniform. size or larger coal, 
coke. 
Synthetic and miscellaneous materials 

Plastic beads Polyurethane, Does not apply - Various temperatures, Cellular, <15 Many patented techni- 
and foams. polystyrene, reactions. uniform spheres. ques and applica- 

polyvinyl chloride. tions. 

Foaming Aluminum powder, S200 saan eee 10 ne nce Does not apply -- Various ~--~- Does not substitute for 
compounds. vinyl resins, aggregate; lowers den- 
H202. sity by adding voids. 

Rice hulls, Organic: 2yeeee. tee Fibrous, None wees. Oe Unchanged ~_~--- No data __--Generally low strength; 
nest Beles cellular. very minor usage. 
sawdust, 


wood fibers. 
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share of the market for aggregates. Pumice-pumicite 
and diatomite claim the remaining third in about 
a 10:1 ratio. The production data for pumice, pumi- 
cite, scoria, and volcanic cinders are so commingled 
and the terms are applied so unspecifically in regard 
to uses that only the broadest guess can be made; 
the ratio for pumice-pumicite may be low by a factor 
of 3. 

All in all, about 13.5 million short tons of rock 
was used in 1970 for structural lightweight aggre- 
gates, and perhaps as much as one-half million short 
tons was used for ultralightweight aggregates for 
non-load-bearing concretes, plaster insulation board, 
and loose fill insulation. Their values after processing 
for final use were about $71 million and $14 million, 
respectively. As these materials also have other 
applications, their annual production value for all 
uses was somewhat greater for the structural light- 
weights, about $74 million, and much greater for 
the ultralightweights, about $78 million; we have 
an overall value, then, of more than $150 million 
per year. 

The natural subdivision of the lightweight aggre- 
gates into those used for structural purposes and 
those used in non-load-bearing applications will be 
followed in this chapter. 


STRUCTURAL LIGHTWEIGHT AGGREGATES 


INTRODUCTION 


Despite their varied origin, the aggregates suit- 
able for structural purposes have several character- 
istics in common: they are porous, ideally highly 
so; they are permeable, ideally poorly so; and the 
pore walls are relatively thick, as compared with 
the diameter of the voids. This last characteristic 
gives the aggregates fairly high compressive 
strengths. The porosity of all aggregates results 
from heat treatment—natural (volcanic) heat for 
the scoria; intentional rotary kilning or horizontal 
furnace sintering for the expanded clays, shales, 
and slates; and unavoidable heat in blast furnaces 
for the slags and in coal-fired steam power plants 
for the fly ash. 

Because of their porus but fairly impermeable 
texture, the lightweight aggregates are both ther- 
mal and acoustic insulators. These properties make 
the aggregates desirable for bulk use in floor and 
roof fill, and they are an added advantage in con- 
cretes where the primary reason for the use of these 
aggregates is weight reduction. 

Compressive strength that can be obtained for 
concrete made with these aggregates ranges from 
perhaps 1,200 psi (pounds per square inch) to more 


335 


than 6,000 psi, depending upon the proportions of 
sand, cement, aggregate, and water. Higher strength 
and increased weight go hand in hand; for example, 
a scoria aggregate concrete at 1,200 psi weighs 
about 60 lb per cu ft, whereas a sintered expanded 
shale concrete at about 6,000 psi weighs about 120 
lb per cu ft. In this broad range of strengths, the 
lightweight aggregate concretes can be used for fill, 
bridge decks, shell walls, concrete floors, concrete 
frames using precast, prestressed, or posttensioned 
girders, precast tilt-up units, poured barge and ship 
hulls, and lightweight masonry blocks. In bulk form 
the aggregates are used as railroad ballast, as high- 
way and embankment fill, and in the surface course 
of bituminous paving mixtures. 

Structural lightweight aggregates and concretes 
play an important though not indispensable role in 
urbanized, industrialized nations. They enhance effi- 
ciency—they allow buildings to be made higher, 
their steel framework to be more fire resistant, and 
their floors and ceilings to be better insulants. They 
contribute to more economical use of funds, ma- 
terials, and time, inasmuch as concrete can be 
pumped higher and farther from a single location; 
plates, girders, and shell walls can be mass produced 
offsite; and additional thermal and acoustic insula- 
tion can be reduced. On the esthetic level, the light- 
weight aggregates and concretes allow innovative, 
experimental construction and design. 

The United States is by far the largest producer 
and consumer of structural lightweight aggregates. 
Inasmuch as domestic supplies are abundant and 
the materials have low unit value but high place 
value—that is, transportation costs largely govern 
whether the materials can be used—there are vir- 
tually no import or export markets. To all intents, 
the country is self-sufficient in these commodities. 
Production data for pumice reveal some imports 
used for lightweight block, but in 1970 less than 
400,000 tons was imported for all purposes, as com- 
pared with more than 8 million tons of domestic 
lightweight aggregates used in lightweight block. 
Overall, imports make up less than 2 percent of the 
structural lightweight aggregates market. Almost 
all this usage was along the eastern seaboard, where 
marine freight rates allowed competition with pum- 
ice from domestic western sources. 


EXPLOITATION 


Pumice first was used as a lightweight construc- 
tion material by the Romans about the beginning 
of the Christian era, but because production data 
are somewhat sketchy between then and about 1940, 
only the production trends since 1940 are really of 
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FicuRE 40.—Production of materials used as structural lightweight aggregates in the United States, 1940-70. 


New construction—Value of total new construction, exclusive of maintenance and repair; data from Statistical Abstracts 
of the United States, 1940-70. ‘ , 

Total output.—Tonnage of all materials used as structural lightweight aggregates: A, Estimate in Rock Products, v. 65, no. 
1, p. 83, 1962. B, Estimate by R. A. Grancher in Rock Products, v. 72, no. 12, p. 62, 1969 (lacks data for slate, 1960— 


63). C, Estimate by Harvey Smith in Mining Engineering, v. 24, no. 1, p. 53, 1972. 
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significance. Cinders from coal-fired furnaces and 
boilers were used throughout the country for the 
production of cinder block from the late 1800’s 
through World War II; conversion to gas- and oil- 
fired installations and to the use of pulverized coal 
has effectively removed the source of the material, 
and it now constitutes a very small resource. Fly 
ash and bottom ash, the residues of pulverized-coal 
combustion, are used as aggregates and pozzolans 
and will supply an increasing amount over the next 
several years to the aggregate market. Expanded 
clay and shale aggregates in lightweight concrete 
were used as early as World War I in concrete ships, 
and there was a small market (small, partly owing 
to patent restrictions) for the lightweight aggre- 
gates through the end of World War II. A rapid in- 
crease in number of plants and production of ex- 
panded clay and shales began in about 1947 (fig. 40) 
with the expiration of patents on the rotary kiln 
(Hayde) process. Data before 1953 are incomplete 
but suggest that production tripled from 1947 to 
1953 and tripled again between 1953 and 1956. Pro- 
duction and consumption of “pumice” and expanded 
iron blast-furnace slag increased very rapidly in 
the period 1945-50 (fig. 40), as a part of the post- 
war construction boom. Since 1956 overall production 
of the structural lightweight aggregates has re- 
flected construction trends fairly closely, although 
some deviations from trend in production of pumice 
and a long-term decline in production of expanded 
slag have occurred. 

A fairly steady increase (with some minor fluc- 
tuations) in the total amount of pumice produced 
since 1957 conceals sharp periodic (1-2 years) 
variations in the amounts classed as “volcanic 
cinder” (fig. 40); inconsistency in classification 
probably causes the variation, rather than actual 
selective production. Deviations in trend between 
total pumice and pumice used as concrete aggregate 
and admixture are real, however, and reflect the 
responsiveness of the lightweight concrete-block 
market to construction activity in the residential 
and light industrial fields. Since 19538 the produc- 
tion of all pumice has more than doubled, whereas 
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its use in concrete has increased more slowly and 
has virtually leveled off since 1958-59, fluctuating 
about 10 percent around the million-ton-per-year 
level. During the same period use of pumice as 
railroad ballast decreased, but its use for road con- 
struction very markedly increased. 

Expanded slag production peaked between 1955 
and 1958, and it has slowly declined since then, 
hovering at about 2-214 million tons per year. Sig- 
nificant short-term decreases reflect both market 
conditions, as in 1961, 1968, and 1970, and non- 
market influences, as in the prolonged steel strike 
of 1959, which cut off supplies of molten slag. Over- 
all, the decline represents a. loss of markets to 
competitive products, particularly the expanded and 
sintered clays, shales, and slates. Sources of slag 
predominantly are iron blast furnaces, which are in 
only a few areas of the country. Suitable sources 
of clay, shale, and slate are widespread; new facili- 
ties have been brought into production to compete 
with slag in market areas close to the furnaces, as 
well as in the peripheral areas where slag use a 
marginal operation. Usage of fly ash in some of 
the slag-production areas has also contributed to 
the decline. 

In common with other extractive industries that 
produce materials at the earth’s surface, the light- 
weight-aggregate industry is faced with the environ- 
mental problems inherent in open-cast mining, in 
the control of fine materials formed in the manu- 
facturing process, in the destructive consumption 
of water in some processes, and in the degradation 
of water quality in other processes. None of these 
problems is insuperable; all involve extra expense 
in production, in a highly competitive market with 
commonly slender profit margins. As low-unit-value 
high-place-value commodities, raw-material sources 
and production sites have to be as close together 
as possible, and both have to be as centrally located 
to the market area as possible. Consumption of 
structural aggregates is mostly in urban areas; 
environmental impacts and conflicts are increased 
because they take place close to where many people 
live. One further complication; in some areas the 


Clay, shale, slate.—Total production of kilned and sintered aggregate: 1948-55, J. W. Roberts, Solite Corp., oral commun., 
Feb, 14, 1960; 1956-70, U.S. Bur. Mines Minerals Yearbooks, and A. L. Bush, U.S. Geol. Survey. 
Slag.—Expanded blast-furnace slag, does not include zine and phosphate smelter slags; U.S. Bur. Mines Minerals Year- 


books. 


Pumice.—Total tonnage of pumice and pumicite, 1940-70, and of scoria and volcanic cinder, 1953-70; U.S. Bur. Mines 


Minerals Yearbooks. 


Pumice in concrete.—Tonnage used as concrete admixture and additive, excludes scoria and voleanic cinder before 1953; 


U.S. Bur. Mines Minerals Yearbooks. 


Pumice without cinder.—Tonnage of pumice and pumicite, exclusive of scoria and volcanic cinder, 1953-70; U.S. Bur. Mines 


Minerals Yearbooks. 
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raw material must be extracted before the area is 
irretrievably lost to preclusive uses, such as indus- 
trial plants, high-rise buildings, and residential 
construction. 


CLAYS, SHALES, AND SLATES 


Many varieties of clays, shales, and slates, of 
diverse origins, expand somewhat on heating to 
about 2,000°F (1,100°C). Basically, all clays, shales, 
and slates are chemically and, to some extent, min- 
eralogically similar—they differ mostly in their 
physical characteristics. Lightweight aggregates are 
used only for their physical properties, and it is 
their chemical similarity that makes all of them 
amenable to thermal expansion. Table 67 presents 
several representative chemical analyses for the 
argillaceous rocks that have been tested for use as 
lightweight aggregate. The range in composition is 
wide for each of the three materials, and all three 
ranges largely overlap. Unfortunately, the analyses 
of rocks that expand suitaby, that expand inade- 
quately, or that do not expand, all fall in these same 
ranges. 

The basic requirement for expansion of an argil- 
laceous rock is a source of gas within the raw ma- 
terial, but several other physical characteristics are 
required for full suitability. Sufficient gas must form 
to cause a full bloat, in the temperature range where 
the material is pyroplastic (melted enough to be 
viscous), so that the gas can be trapped; there must 
be enough vitrification, at a high enough viscosity, 
so that most of the gas can be held in small, evenly 
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distributed pores; and the temperature range be- 
tween softening and liquefaction must be large 
enough (about 100°F) that the bloating can be con- 
trolled in large-scale commercial production. Eco- 
nomical production is had at kiln or sinter tempera- 
tures between 1,800° and 2,200°F (1,000°-1,200°C), 
although temperatures can be as low as 1,600°F 
(870°C) or as high as 2,400°F (1,300°C). 

There is little agreement on the relative impor- 
tance of the number of possible sources for the gas 
evolved within the raw material. Conventional wis- 
dom in the early days of the industry held that the 
argillaceous rocks had to have a significant organic 
content, although the amount varied with the prac- 
titioner. However, laboratory investigation of the 
evolved gases showed that many materials with very 
little total carbon expanded better than those with 
an appreciable amount (Austin and others, 1942; 
Sullivan and others, 1942)—to perhaps 1.5 percent— 
and that CO., SO., and H.O all played a part in the 
bloating. Riley’s (1951) research indicated that 
thermal destruction of hematite, pyrite, and dolo- 
mite provided both CO, and SO, in amount sufficient 
for bloating without recourse to organic carbon. 
Ehlers and Richardson (1958) emphasized the role 
of CO, derived by the heating of calcite, dolomite, 
and ankerite in the argillaceous rocks, and subse- 
quent more effective entrapment in illite than in 
kaolinite (kaolinite fuses at a higher temperature 
than illite). They deemphasized the role of iron in 


gas liberation, considering it to be of possible sig- 
nificance only where hematite exceeded 5 percent of 


TABLE 67.—Comparative composition of expansible clays, shales, and slates 


Clay Shale Slate 
Sample =- sss = 
1 2 8 4 6 6 7 8 9 
53.00 61.80 36.7 49.00 65.01 69.00 64.6 54.00 57.36 
20.74 16.88 258 24.67 17.07 11.60 12.9 17.30 18.95 
4.27 19.68 2.65 5.44 2.15 6.37 1.72 16.65 17.12 
2.30 13 5.79 3.38 1.07 4.17 
1.82 -06 1.22 2.36 1.89 1.58 136 3.32 3.69 
-66 1.27 10.7 49 -70 82 1.29 4.68 3.02 
51 2.09 -26 -14 1.33 -95 1.28 “75 -61 
3.4 -67 3.4 3.50 2.59 3.00 5.9 2.28 2.24 
1.06 1.17 .57 —— ——— .80 1.10 -13 -78 
Loss on ignition —__ —— 7.36 pa ts 16 5.69 5.24 4.87 .98 
Total —__ 399.74 100.98 2102.01 100.15 99.81 2101.20 2100.00 2100.13 99.75 
co. +32 ———— 2.93 98 21 3 3.47 4.21 2.96 
Cc -73 es 72 87 -80 35 -b4 1.34 seo 
H20+ —- = 7.15 ——— 4.68 1.18 
HO = 2.81 ess 4.28 79 64 51 Al eet a 
Scesss S -04 Sco 08 => a 044 08 —— moc 
Other’ 52220-23228 3.93 —— £7.89 = — 
1 Total iron. 


2 Total of all constituents. 
8 P20s, 0.57; MnO, 0.11; Cl, 0.15; F, 0.10. 
“P20s, 7.3; F, 0.59. 


SAMPLE LOCATIONS AND REFERENCES 


Florida (Conley and others, 1948, sample 10). 
Illinois (White, 1960, sample 1415). 

Illinois (White, 1960, sample 1334A). 
Pennsylvania (Root, 1968, sample 10). 
Florida (Conley and others, 1948, sample 3). 
. Pennsylvania (Conley, 1942, sample 1) 


290-1 oH 99 POs 


Pennsylvania (Roen and Hosterman, 1969, sample Ro—R-1b). 
New South Wales, Australia (Hill and Crook, 1960, sample 4). 


- New South Wales, Australia (Hill and Crook, 1960, sample 18). 
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the rock. Meanwhile, Gervids (1957) admitted that 
carbonates, sulfides, sulfates, and oxides could all 
participate in the gas-forming process but asserted 
that the gas was formed at temperatures (550°— 
825°C) well below the rock-softening level (1,050°- 
1,150°C). He suggested that only the dehydroxyla- 
tion of micas and amphiboles could account for the 
bloating, inasmuch as these reactions occurred at 
rock-softening temperatures. Hill and Crook (1960, 
p. 382) specifically refuted this contention, stating 
that it was intrinsically “improbable because the 
dehydroxylation temperature is considerably lower 
than the bloating temperature * * *,” and they 
very strongly emphasized the role of the reduction 
of ferric to ferrous oxide, with the oxygen evolved 
as the cause of the bloating. Chopra, Lal, and Rama- 
chandran (1964) decided that both organic matter 
and calcium carbonate produced the gas that does 
the bloating, and that hydroxyl water, entrapped 
pore air, and ferric oxide were not significant con- 
tributors. Donnelly, Brennan, and Peacock (1968) 
concluded that iron oxide and water reacted with 
carbon (as little as 0.1 percent) to produce carbon 
monoxide, carbon dioxide, and a little hydrogen and 
that the decomposition of carbonates does not con- 
tribute to the bloating. This brief history suggests 
(1) that the divergence of opinion as to what causes 
bloating is considerable, (2) that no single factor 
is most important, and (3) that insufficient consid- 
eration has been given to the possible effects of the 
suggested reactions operating simultaneously, at 
least as far as the production of gas is concerned. 
Riley (1951) investigated the combinations of 
constituents that apparently acted as fluxes and 
affected pyroplastic conditions at the appropriate 
temperatures for gas formation and retention. In 
plotting the distribution of some 85 chemical 
analyses of bloating and nonbloating clays and 
shales in terms of their SiO., Al,O;, and combined 
Fe.0;, FeO, CaO, MgO, and (K, Na).O (flux) con- 
tent, he was able to define a range of compositions 
that included most of the bloatable materials and 
excluded most of the nonbloatable materials. That 
range was about SiO., 52-80 percent; Al,O;, 11-25 
percent; and combined fluxes, 10-25 percent (fig. 
41). Additional investigations since 1951 have shown 
that this bloating range is less reliable than it first 
seemed to be, but it is a useful guideline. As exam- 
ples, White (1960) showed that the range had to be 
extended in the direction of higher Al,O; and lower 
flux contents, whereas Sweeney and Hamlin (1965a) 
had to extend the range to a higher flux content 
(fig. 41). At the same time, more materials pre- 
viously considered to be nonbloatable were included 
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in the bloating range. 

Laboratory methods for evaluating raw materials 
have been described by Conley, Wilson, Klinefelter, 
and others (1948), Klinefelter and Hamlin (1957), 
and Hamlin and Templin (1962). The ultimate evalu- 
ation is how the material expands in a commercial 
operation; for this determination to be made, sev- 
eral tons of material may need to be run. 

To distinguish between favorable and unfavorable 
rocks in the field is difficult because so many differ- 
ent argillaceous rocks have been found to be suit- 
able. Burnett (1964) suggested that field estimates 
be made of the content of iron, alkali, carbonate, 
organic carbon, and silt. Because too much of any 
of these constituents can cause the bloating range 
to be too narrow, the firing temperature to be too 
high, or the expanded product to be too heavy, an 
overabundance can serve as a negative criterion. 
There are no really positive field criteria. Illitic and 
montmorillonitic sediments seem to be more con- 
sistently favorable than kaolinitic ones. The darker 
colored clays, shales, and slates (green, gray, black) 
are more suitable than the light colored (particularly 
red) ones, especially if they have a moderate con- 
tent of dispersed organic carbon. In general, un- 
weathered materials are more suitable than weath- 
ered ones. Common or brick clay is more suitable 
both physically and economically than flint or ball 
clay. Thinly fissile shales and slates tend to expand 
unidimensionally, which is undesirable. Most of 
these features tend to vary more greatly in short 
vertical intervals across the sedimentary section 
than laterally along the sedimentary units, but 
lateral variation is enough that units unsuitable at 
one point may be eminently suitable a few hundreds 
of yards to a few miles away. 

In addition to the materials that can be made to 
expand, argillaceous rocks can be ground, mixed 
wth combustible materials—such as ground coal— 
and sintered to produce lightweight aggregates. 
The mass becomes pyroplastic, or cohesive, and voids 
are left as the combustibles are burned out; some 
bloating may occur, but it is incidental to the sin- 
tering. Inasmuch as units that may not bloat of 
themselves can thus be used for lightweight aggre- 
gate, classifications of argillaceous rocks as unfit is 
unwise unless the rocks have been tested and found 
unsuitable for both processes. 

Marine, littoral, lacustrine, and fluviatile clays 
and shales, and slates derived from them, are all 
possible raw materials. They occur in formations 
that range in thickness from a few feet to more 
than 1 thousand feet and in age from Precambrian 
to Holocene, and they are distributed throughout 
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Figure 41.—Comparative composition of bloating and nonbloating argillaceous rocks. 


the continental United States. The list of suitable 
rocks in the Appalachian region as given by Bush 
and Sweeney (1968) illustrates the number and 
variety available and is probably not complete. 
The sheer volume of suitable rocks make reserve 
and resource problems somewhat different from 
those for most mineral commodities. The distinctions 
among proved, probable, and possible reserves are 
somewhat blurred, inasmuch as the principles of 
stratigraphic continuity allow for projection of the 
favorable unit for unusually great distances beyond 


points of observation, but the amount of accuracy 
in the calculation of tonnage is fair. In most min- 
eral deposits, paramarginal and submarginal re- 
serves are in lower grade, larger tonnage masses 
for which a complex interplay of costs determines 
profitability. In this situation the entire rock mass 
is the ore, changes in processing technology are sel- 
dom involved, and transportation costs are usually 
the determining element in separating recoverable, 
paramarginal, and submarginal reserves. The dis- 
tinction between hypothetical and speculative re- 
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sources is similarly blurred, for the concept of de- 
posits in mining districts really does not apply to 
the distribution of argillaceous rocks throughout the 
United States. Geologic mapping in the United 
States, at scales adequate to identify the presence 
of argillaceous rocks, is sufficiently complete to vir- 
tually rule out the possibility of finding additional 
units. What remains to be found are those deposits 
that would be classed as submarginal or, at best, 
as paramarginal. 

Reserves of expandable clays, shales, and slates 
are so large that they can be relied upon to satisfy 
the Nation’s needs for many years. If those needs 
are projected from 1970 through 2000, starting with 
the estimated actual 1970 production of slightly 
more than 10 million tons and projecting an annual 
growth rate of 5 percent, the cumulative production 
is about 670 million tons. That figure, though im- 
pressive, is seen in better perspective if it is allo- 
cated among the 36 States that produced lightweight 
aggregates in 1970—an average per State of about 
181% million tons, or the mining of about 13 stand- 
ard mining claims to a depth of a little less than 
20 feet. Put another way, cumulative production 
through the year 2000 will represent about one- 
millionth of the tonnage of argillaceous rocks in the 
48 contiguous States to a depth of 20 feet below 
the surface. 

For a number of reasons the sum of recoverable 
reserves cannot be stated with much accuracy, but 
a reasonable estimate can still be made, based on 
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other than strictly geologic reasoning. Between 70 
and 85 processing plants (both kiln and sinter) have 
been in operation annually over the period 1965-70. 
Plant investments are large, ranging from several 
hundred thousand dollars to more than $1 million. 
Average annual production in 1970 was about 
150,000 tons. Plant amortization requirements over 
about a 10-year period suggest the need for an 
average raw-material reserve of about 1.5 million 
tons per piant, about the equivalent of a standard- 
size mining claim quarried to a depth of 20 feet. In 
view of the stratigraphic characteristics of the ar- 
gillaceous rocks, this is a very plausible estimate 
for almost any of the processing sites. As a rule of 
thumb, roughly equal amounts can be assigned to 
the proved, probable, and possible reserves, perhaps 
about 115 million tons each, or a rounded total of 
recoverable reserves in the presently known deposits 
of about 350 million tons. The sum of all reserves 
plus hypothetical and speculative resources is many 
times that of the recoverable reserves. 


VOLCANIC ROCKS 


Various voleanic rocks are suitable for use as 
lightweight aggregates; all are glasses, and they 
range in composition from mafic to silicic. Scoria, 
voleanic cinder, pumice, and pumicite make moder- 
ate- to low-strength structural aggregates, whereas 
expanded perlite and expanded pumicite are ultra- 
lightweight materials. The chemical composition of 
the glasses (table 68) faithfully mirrors that of 
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(also total H20) ~-___--_ 3.93 4.51 9.81 4.3 12.87 8.17 5.60 3.62 3.62 4.85 4.03 52 39 36 -93 3 
otal Soe e eae 99.86 100.00 100.22 NA 100.16 99.94 99.92 102.58 99.76 99.95 NA 99.15 99.69 NA 102.04 NA 
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2 Average of 14 analyses. TSO 
3 Average of 15 analyses. 8S. 


“ Average of 40 analyses. 
5 Average of 20 analyses. 


® COs, 0.81; Cla, 0.47. 
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SAMPLE LOCATIONS AND REFERENCES 


Sample JV-—6, Pearlette ash, Kansas (Carey and others, 1952). 

Sample NNYV-1B, Calvert Ash Bed of Ogallala Formation, Kansas 
(Carey and others, 1952). 

Pumicite at Shoshone, Calif. (Chesterman, 1956). 

Average of 54 analyses, Kansas (Bauleke, 1962). 

Mono County, Calif. (Chesterman, 1956). 

Italy (Talmage and Wooton, 1937). 

Mount Taylor, N. Mex. (Talmage and Wotton, 1937). 

Average of 80 analyses (King, 1948). 


(GOS Sarr a Co a RS 


9. Socorro deposit, New Mexico (Weber, 1963). 
Deschutes deposit, Oregon (King, 1948). 
. Average of 21 analyses: 11 from King (1948); 
Selvig, Baur, Colbassani, and Bank (1956). 
. Shirataki, Japan (Yagi, 1966). 
. Glass Mountain, Calif. (Chesterman, 1956). 
Average of three analyses, Oregon and California (King, 1948). 
. Red Cinder Mountain, Calif. (Chesterman, 1956). 
Average of six analyses, Idaho (Asher, 1965). 


10 from Anderson, 
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their crystalline counterparts; scoria and cinder are 
like basalts (and basaltic andesites), and pumice, 
pumicite, and perlite are like granites and rhyolites. 
Contained water in basalts is little different from 
that in scoria and cinder, but the difference between 
that in the granitic rocks and that in silicic glassy 
rocks is significant. It is this excess of water that 
allows the perlites and pumicites to be thermally 
expanded. In a general way, the viscosity of the 
extruded rock melt varies directly with the SiO.,, 
Na,O, and K.O content and inversely with the Fe.0;, 
FeO, CaO, and MgO content; thus, whereas the mafic 
rocks are more fluid, the silicic rocks are more likely 
to retain gases. 


SCORIA AND VOLCANIC CINDER 


Scoria and volcanic cinder are cellular, frothy 
products of explosive voleanism—erupted as tephra 
(blocks, bombs, lapilli, and gravel) or lava flows 
from mafic magmas. Much of the material is force- 
fully ejected from the vent, vesiculating in the air 
as the volcanic gases (mostly water) expand and are 
entrapped by the rapid cooling of the relatively fluid 
lava. Scoria also develops where the gases are en- 
trapped by rapid cooling at the surface of the flows; 
it may then be broken into blocks and irregular 
fragments by continued movement of the flows. 
There is a fairly wide range in vesicle size (particu- 
larly in the ejecta, most of which have dense fused 
surfaces) and in the thickness of the cell walls, 
which results in a considerable variation in the 
density of the rocks. The distinction between scoria 
and volcanic cinder is an arbitrary one of size; 
cinder is the material less than 1 inch (about 2.5 
cm) in largest dimension. Characteristically, mafic 
ejecta are fairly heavy and are not thrown long dis- 
tances from the vent; they form cinder cones 
around the vent that are generally a few thousand 
to several thousand feet in diameter and several 
hundred feet in height. In contrast, mafic lava flows 
(basalt or basaltic andesite) tend to be fluid, several 
hundred feet to tens of miles in lateral extent, and 
a few feet to several tens of feet thick. The flows are 
seldom abundantly scoriaceous throughout; most of 
vesicular zones are confined to the upper few feet of 
the flow and are highly variable in their develop- 
ment. 

Most of the deposits of scoria and volcanic cinder 
are geologically youthful, in Quaternary or upper 
Tertiary terranes (<1-11 m.y. old), and some are 
only a few thousand years old. Many mafic extru- 
sive rocks are latecomers in the volcanic sequence 
and, thus, are less likely to be buried deeply enough 
to survive prolonged erosion. In addition, the ejecta 
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seldom make well-consolidated resistant lithologic 
units because the individual blocks, bombs, and 
lapilli do not weld together consistently. They are 
easily eroded and, in humid climates, are subject to 
rapid chemical weathering. Although the ejecta 
enter readily into the sedimentary cycle, they are 
not persistent in it. They lack sufficient resistance 
to abrasion to survive reworking for very long in 
the moderate-energy environment needed to move 
them to protected sites where they can be preserved. 

Mafic vesicular volcanic rocks are widely distrib- 
uted throughout the Western United States, includ- 
ing Hawaii and Alaska, but are missing from the 
Central and Eastern States. Deposits of scoria and 
cinder are known in every State west of the 104th 
meridian, and production was recorded in 1969 or 
1970 from all States but Alaska. Arizona, Oregon, 
California, Hawaii, and New Mexico are the largest 
producers, generally in that order; however, in 1970 
Oregon was first. The ranking in production does 
not always reflect the relative amounts of scoria 
and cinder available, in part because production is 
determined by competition and the size of the 
market within economic range of the deposits and 
in part because the reporting of production includes 
pumice and pumicite. In the States west of 104°, 
nearly all the metropolitan districts with a core 
city of at least 50,000 people and most cities of at 
least 25,000 are within about 100 miles of deposits 
of scoria or cinder, but not all can be served eco- 
nomically from them. 

Estimating the recoverable reserves of scoria and 
cinder is an exercise in very short term prediction, 
for production is extremely sensitive to the state of 
the construction industry, and pits can be and are 
shut down quickly. For example, Meisinger (1972) 
reported the closing in 1970 of 48 operations of the 
171 that were open in 1969. His figures are for all 
pumice, pumicite, scoria and cinder operations, but 
inasmuch as 85 percent of the total production was 
cinder, it seems reasonable to assume that most of 
the closed operations were also for scoria or cinder. 
Although the more than 25 percent drop in opera- 
tions resulted in only a 15 percent drop in output 
from 1969, it might represent either a larger or 
smaller decrease from the 1969 recoverable re- 
serves, for when an operation closes, all its recov- 
erable reserves, by definition, become at least para- 
marginal. 

For scoria and cinder, the economic criteria that 
separate recoverable from paramarginal and sub- 
marginal reserves are primarily the level of activity 
of the construction industry and competition from 
expanded clays, shales, and slates. Other materials, 
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like expanded slag and fly ash, are not significant 
competitors in the Western States. The stumbling 
block is usually the cost of transportation, and this 
cost almost invariably cannot be decreased. For 
most commodities the grade of the ore enters into 
the criteria, and new techniques of recovery may 
convert protore into ore. These criteria are not 
particularly applicable to any of the nonmetallic 
deposits, where the whole rock mass is the ore. Vol- 
canic ejecta have already undergone a crude form 
of aerial classification that has substantially sepa- 
rated vesiculated from dense rock. Only a small 
additional tonnage could be won at any deposit by 
separating vesiculated rock from predominantly 
dense rock. In deposits that are scoriaceous zones 
in flowrock, more intermingling of vesiculated and 
dense rock occurs, but even here the additional ton- 
nage to be gained is small, and the cost of winning 
it comparatively high. In summary, these para- 
marginal resources are not significant. 

An order of magnitude can be established, al- 
though not from strictly geologic evidence, for both 
the recoverable reserves and the identified resources. 
For example, many cinder cones have basal diam- 
eters greater than 2,000 feet, and angles of slope 
(determined by the angle of repose for fragmental 
volcanic material) that range from 30° to 40° (Col- 
ton, 1964). For a cone that has a 2,000-foot base 
diameter, a crater lip 425 feet above the base, and 
a crater 500 feet in diameter at the lip, the angle 
of slope is less than 30°, well within the angle of 
repose. Depending on the density of the scoria, 
which can range from 1,000 to 1,500 lb per cu yd 
(pounds per cubic yard), such a cone could contain 
from 10 to 15 million tons. One such cone, then, can 
contain from three to six times the entire U.S. 
production of volcanic cinder, 2,656,000 tons for 
1970 (Meisinger, 1972, p. 965). An assumption seems 
reasonable that 25-30 of the operating pits in 1970 
(there were more than 100 in all) were in cinder 
cones of this size in the 10 or more States where 
scoria was produced; as a result, recoverable re- 
serves that year were between 250 and 450 million 
tons in just those deposits. In the category of para- 
marginal resources, economically recoverable at 1.5 
times the present price (McKelvey, 1972), there are 
probably a similar number of deposits and tonnages 
and, also, a similar quantity in the submarginal re- 
sources. Identified resources can be thought of as 1 
billion tons, plus or minus 25 percent. 

Let us put it in another kind of perspective. If we 
assume that 3 million tons of scoria and cinder was 
produced in 1970 and that an annual growth rate 
of 5 percent persists through the year 2000, we 
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shall have need for a cumulative output of about 200 
million tons. That appears to be significantly less 
than the recoverable reserves in the cinder cones 
being mined in 1970. 

The category of hypothetical resources requires a 
different approach, for basically the search is not 
for hidden deposits but for unmapped ones. By 1972 
the location of most of the cinder cones and mafic 
lava flows in the conterminous United States prob- 
ably had been depicted on some sort of geologic 
map at some kind of scale. Knowledge of the sizes 
and volumes of these cones and flows and of the 
ratio of vesicular to dense rock within them is what 
is required to convert their status to one of the 
reserve classes. The distribution of the deposits that 
make up the identified resources suggests that there 
may be at least an equal number for which informa- 
tion on size is lacking, and, on that basis, the hypo- 
thetical resources can be estimated to be on the 
order of 1 billion tons, as well. 

Speculative resources require a further exercise 
of the imagination. Higgs (1949) estimated that 
Cenozoic extrusive rocks in the conterminous United 
States covered 8.368 percent of the land surface. 
In the absence of other estimates on the ratio of 
mafic to silicic extrusives at the surface, and for 
ease of estimation, let us assume that mafic rocks 
cover only 1 percent of the surface and that they 
average about 50 feet thick. Let us further assume 
that 1 percent of this volume is scoriaceous. This is 
equivalent to about 3 cubic miles of scoria, or about 
9 billion tons. The potential reserves and hypo- 
thetical resources listed above can be adequately 
accommodated within this total resource. 


PUMICE AND PUMICITE 


Pumice and pumicite are the silicic extrusive 
equivalents of scoria and volcanic cinder but are 
lighter in color, of lower density, and more highly 
cellulated. In pumice the voids may be spherical, 
ovoid, tubular or irregular; the cell walls are com- 
monly very thin; and the rock is light enough to 
float. If sufficient gas and steam are available dur- 
ing explosive extrusion, the pumiceous froth is very 
commonly shattered, and the shards and finer frag- 
ments form pumicite (volcanic ash). The range in 
composition (table 68) is from rhyolitic to dacitic, 
andesitic, and even basaltic, but most pumices are 
in the rhyolite-dacite range. The higher viscosity of 
the silicic rock melts generally leads to more violent 
extrusion, and the lower density pumice and pum- 
icite are thrown much farther from the vents than 
the scoria and cinder; many pumicite deposits are 
several hundred miles from their sources. 
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Deposits of pumice and pumicite occur in a larger 
variety of forms than do scoria and cinder. A very 
common form is an air-fall blanket, semiconcentric 
to a crater source vent or broadly fan-shaped lateral 
to fissure vents and more extensively developed 
along the prevailing wind directions. Pumice cones 
along fissure vents are also numerous. Very large 
volumes occur in ash-flow tuffs and in the upper 
parts of rhyolite and “obsidian” domes. Any of 
these deposits is subject to rapid erosion, reworking, 
and consequent redeposition as stream or lake sedi- 
ments. Thicknesses range from a tenth of an inch 
to many tens of feet, and areal extents range from 
a few square feet to tens of square miles; therefore, 
volumes may be a few tons or many hundred 
thousand tons. Ash-fall deposits are more likely to 
be interbedded with other sediments than are ash 
flows, and reworked and redeposited materials very 
commonly are interbedded. 

In contrast with ash falls, most ash flows are 
unsorted, heterogeneous mixtures of pumice and 
ash, the pumice occurring in fragments and blocks 
as much as perhaps 8 or 10 feet in maximum dimen- 
sion. Commonly, ash flows were hot enough and 
cooled slowly enough to weld and to cause the 
pumice to soften to the point of collapse, so that 
dense glassy zones in the central or lower part of 
the flow were formed. Ash flows are crudely sorted, 
with most of the larger blocks and fragments close 
to the source and successively finer materials at 
greater distances; the finest ash may be carried for 
hundreds of miles. Some ash falls also retained 
enough heat to weld and to form glassy zones. Where 
ash and pumice fall directly on standing bodies of 
water, and where reworked material is deposited in 
quiet water, an inverted graded bedding may occur. 
The finest material has the greatest density and 
settles first, whereas coarser material is vesicular, 
floats longer, and is deposited last. 

Pumice deposits occur in all the Western States 
from the Rocky Mountains to the Pacific Ocean, 
and pumicite deposits are in Texas, Oklahoma, Kan- 
sas, North and South Dakota, and Nebraska nearly 
as far east as the Missouri River. In 1970 pumice or 
pumicite was produced in every Western State but 
Montana, and in Hawaii as well. Oregon and Cali- 
fornia were probably the leading producers of 
pumice, and Kansas was the leader in pumicite. 
Production statistics are so grouped that accurate 
data for each rock type cannot be determined. 

Prediction of the resources base for pumice and 
pumicite presents many of the same problems as 
for scoria and volcanic cinder. Any figure for re- 
coverable reserves reflects wide annual variations 
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in the number of operating mines and no accurate 
census has ever been kept of producers grouped by 
product. In part, the extreme increases and de- 
creases in annual tonnage (fig. 40) reflect this im- 
precise classification, but they also suggest that 
many of the operations were marginal and that 
what were recoverable reserves one day were 
paramarginal the next. Since 1957, except for 
1968 and 1964, the overall trend has been toward 
smaller production. But because most pumice and 
pumicite is used in the construction industry, the 
long-term-consumption trend will be a growth rate 
similar to that for construction. On the basis of the 
1960-70 average annual output of slightly more than 
600,000 tons and the previously used annual growth 
rate of 5 percent, cumulative production through 
the year 2000 will be about 40 million tons. 

Recoverable reserves can be estimated only within 
very broad limits. In 1970 some 30 mines operated 
in the conterminous United States. Although the 
range in deposit size seems to be fairly large, a 
conservative estimate suggests that many occur- 
rences have dimensions of 500 by 1,000 by 10 feet. 
Bulk densities range from 850 lb per cu yd for 
pumice to 1,750 lb per cu yd for pumicite; tonnage 
for the sample deposit lies between about 80,000 and 
160,000 tons. Thus, the 1970 level of operations 
might entail between 214 and 5 million tons of rock 
as recoverable reserves, ignoring all past production. 
Estimating paramarginal and submarginal resources 
each at twice the recoverable reserves is acceptable 
(see estimate of the total resource below) so that 
the identified resources can be thought of as a mini- 
mum of 25 million tons, more than half the amount 
needed through the year 2000. 

The total resource can be approximated on the 
same basis as that for scoria and volcanic cinder, 
using Higgs’ (1949) estimate (8.368 percent) of 
extrusive rocks at land surface in the Western 
States. Higgs’ method excludes all volcanic ash in 
the States east of the Rocky Mountains, however. 
Again no reliable estimates of the relative amounts 
of silicic, intermediate, and mafic voleanic rocks are 
available, but a general feeling among geologists 
indicates that intermediate rocks predominated in 
the early and middle Cenozoic and that both silicic 
and mafic rocks were abundant in the late Cenozoic, 
the mafiic rocks possibly having been more abun- 
dant. Basic rocks were assumed to occupy 1 percent 
of the surface for the scoria estimate; here, let us 
assume 0.1 percent coverage and an average thick- 
ness of 10 feet for the silicic rocks; let us further 
assume that 1 percent of this volume is pumice or 
pumicite. These parameters would seem to be almost 
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minimal. On the basis of these assumptions the 
total resource is between 150 and 300 million tons, 
exclusive of the volcanic ash of the Great Plains. 

Pumicite deposits on the Great Plains are numer- 
ous and vary greatly in size; Ham (1949) reported 
one in Oklahoma to contain about 10 million cubic 
yards (perhaps 7-8 million tons). He estimated a 
total of about 20 million cubic yards in known de- 
posits; by our definitions this 20 million cubic yards 
would be considered an identified resource of about 
17-18 million tons. Carey, Frye, Plummer, and 
Swineford (1952) estimated about 20 million tons 
for known deposits in Kansas, which we would also 
class as identified resources. Data are lacking for 
Nebraska, but on the basis of past production and 
the distribution of the deposits, a tonnage on the 
same order of magnitude as Kansas and Oklahoma 
is reasonable. A conservative estimate for all the 
Great Plains States may be taken as 50-60 million 
tons of identified resources, and perhaps the same 
amount for hypothetical and speculative resources 
combined; the total resource may be thought of as 
about 100-150 million tons. 

DIATOMITE 

Although diatomite has been and is used as a 
lightweight aggregate, the usage seldom exceeds a 
few tens of thousands of tons per year and is not 
a significant factor in the reserve and resource posi- 
tion of the United States. In general, its value for 
other uses, such as filter aids, is far too great to 
justify its utilization as a low-cost aggregate. Only 
in a very few special cases can diatomite be used 
economically, and then it is generally as a byproduct 
from the treatment of the material for its more 
specialized roles. Information on distribution, geo- 
logic habit, and resources are in the chapter 
“Diatomite.” 

OTHER MATERIALS 

Expanded blast-furnace slag and fly ash are a 
significant part of the supply of structural light- 
weight aggregates in the heavily industrialized 
Great Lakes and Pennsylvania areas and in Ala- 
bama, Colorado, California, and North Carolina. 
Expanded slag production ranged from about 214 
million tons per year during the period 1960-70 
(fig. 40). Expanded slag is only a fraction of the 
slag produced annually; it is likely to be ample to 
meet any demand for many years. Fly ash produc- 
tion (which includes bottom ash) in 1970 was more 
than 35 million tons and was widely distributed 
throughout the country with only about 4 million 
tons being utilized in any way. Lightweight aggre- 
gate production of sintered fly ash totaled about 
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260,000 tons and was confined to the Detroit, Mich., 
Pittsburgh, Pa., and Charlotte, N.C., areas. 

There appears to be an obvious market potential 
for both expanded slag and fly ash—perhaps a little 
more favorable for the ash—because the coal- 
burning power-generating stations are widely dis- 
tributed and the country’s increasing demands for 
energy probably entail the construction of more 
plants. 


ULTRALIGHTWEIGHT AGGREGATES 


INTRODUCTION 

The natural ultralightweight aggregates are per- 
lite, pumicite, and vermiculite; the first two are 
products of dominantly silicic voleanism (see sec- 
tion on “Pumice and Pumicite’”’), whereas vermicu- 
lite is a low-temperature alteration product of ultra- 
mafic igneous and metamorphic rocks. High-tem- 
perature heating is required of all three crude ores 
to cause expansion and to develop the vesicularity 
that gives the materials their desirable attributes. 
Properly treated, all three materials develop high 
porosity but low permeability and have very thin 
cell walls. Thus, they make excellent thermal and 
acoustic insulators, but their compressive strength 
is low. Concretes and plasters using them as aggre- 
gates have strengths from 100 psi to about 2,200 
psi; the more cement used, the greater the strength 
and the greater the weight. The materials are very 
well employed in fireproof plasters, in concrete cur- 
tain walls, floor fills, and roof decks, in concrete 
refractory and insulating walls in bake ovens, and 
in decorative, non-load-bearing blocks and facings 
(Schroeder, 1970a, b). In loose fill or bulk form they 
are primarily used for insulation, both thermal and 
acoustic, but significant amounts are used as inert 
carriers and extenders in horticultural products and 
in manufacturing processes. 

As with the structural lightweight aggregates, 
the ultralightweights .are not indispensable; syn- 
thetic materials (polystyrene beads, polyurethane 
foams, foamed phenolic resins) can be substituted 
in some applications; lightweight concretes and 
plasters can be made by air entrapment through the 
use of aluminous foaming compounds; foamed glass 
can be used for some special requirements. In gen- 
eral, however, the use of expanded natural materials 
is more economic and less complicated in prepara- 
tion and use. 

The United States produces all the perlite and 
pumicite that it consumes and has ample material 
to export, but, because of the low unit value of 
crude perlite, only a few thousand tons is exported 
annually—all of it to expanders in Canada. No 
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pumicite is exported. Almost all the vermiculite used 
in the United States is produced domestically, but 
along the eastern seaboard, oceanic freight rates 
allow some vermiculite to be imported economically 
from the Republic of South Africa. In 1970 the 
United States was the world’s largest producer of 
crude vermiculite, at about 285,000 tons, and South 
Africa was second, with about 134,000 tons (Fulker- 
son, 1972). The most xecent import data are for 
1969, when about 6,500 tons entered the United 
States; this was equivalent to a little more than 2 
percent of the domestic production. 


EXPLOITATION 


The production histories of vermiculite and per- 
lite are broadly similar in their early periods, and 
are very closely related since about 1955 (fig. 42). 
Vermiculite was first produced in Colorado in 1913, 
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but the first significant sustained production began 
in Montana in 1925, with about 100 tons of crude 
ore. The growth rate was rapid, but the tonnages 
were small to 1937 (about 27,000 tons in 1937). 
The rate then became more gradual, but tonnage 
increased to about 200,000 tons in 1950, and then 
growth was slow but steady to about 300,000 tons 
in 1969 and 1970. Perlite production began after 
World War II and about 5,000 tons of crude ore was 
produced in 1946; output rose rapidly to about 
150,000 tons in 1951, and growth has continued at 
a slower but steady rate to more than 450,000 tons 
in 1969 and 1970. Since 1955 the annual increases 
and decreases in production of crude vermiculite and 
crude perlite virtually parallel each other, with the 
production of perlite about 150,000 tons greater 
than that of vermiculite. Consumption of expanded 
perlite has varied more than that of exfoliated ver- 
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FicurE 42.—Production of materials used as ultralightweight aggregates in the United States, 1935-70; U.S. Bureau of 
Mines Minerals Yearbooks. 


New construction.—Value of total new construction, exclusive of maintenance and repair; data from Statistical Abstracts 


of the United States, 1935-70. 
Perlite, crude.—Total crude ore sold and used by producers. 
Perlite, expanded.—Total produced. 


Vermiculite, crude—Total crude ore sold and used by producers. 


Vermiculite, exfoliated.—Total produced. 
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miculite, in part reflecting the dominance of the 
vermiculite market by a single company, and in part 
reflecting the movement of perlite into the filter- 
aids field at the same time as a decrease in perlite 
use in concretes and plasters. 

Perlite, pumicite, and vermiculite share the com- 
mon problems of open-cast mining, but because 
many of the deposits are located in remote or 
sparsely populated areas, public concern with the 
mining operations has been minimal to date (1972). 
That is not true of the processing plants. Large 
amounts of fines are produced in the grinding cir- 
cuits in the processing of perlite, and additional 
amounts are produced in the explosive expansion 
(‘popping’) of perlite and pumicite. Their disposal 
is a problem from several aspects. Because both 
materials are glasses, the fines are pointed, sharp 
slivers and shards. Dust control is a major prob- 
lem, both in preventing and alleviating pollution 
beyond the limits of the plant itself and in protect- 
ing plant workers from respiratory injuries and dis- 
eases. These problems are not so severe for vermicu- 
lite, which yields thin flakes to the fines; where wet 
classification methods are used, the disposal of 
vermiculite slimes presents other difficulties. 


VOLCANIC ROCKS 
PERLITE 


Obsidian, perlite, and pitchstone are volcanic 
glasses of generally silicic composition and are the 
equivalents of rhyolites, rhyodacites, trachytes, or 
latites. Among themselves, they differ chemically 
primarily in water content; obsidian has no more 
than 2 percent H.O, perlite has 2-5 percent, and 
pitchstone has more than 5 percent. The general 
range of composition (table 68) is SiO. from 70 to 75 
percent and Al,0O; from about 10 to 15 percent. The 
water content seems to be the only chemical 
component critical to expansion, and even then 
obsidians with as little as 0.2 percent H.O are 
reported to have expanded satisfactorily (King, 
1948). Originally, perlite meant a glassy rock char- 
acterized by concentric cracks, the “perl” (from the 
German “‘Perlstein”) referring either to the resem- 
blance of broken-out fragments to pearls or to the 
pearly luster of the surfaces. Today’s commercial 
usage includes any glassy rock (except pumicite), 
regardless of composition or origin, that can be 
made to expand by heating to about 2,000°F 
(1,100°C). Most commercial perlites fit the petro- 
graphic definition that emphasizes a 2- to 5-percent 
water content. 

Many of the traditional applications of perlite are 
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in the construction field, but an increasing percent- 
age of the annual production over the past several 
years has gone into filter aids (1964, 15 percent; 
1970, 23 percent). Diatomite is the principal ma- 
terial used in filtration, but perlite seems to be 
making significant inroads into the market. In the 
construction field the principal competition comes 
from exfoliated vermiculite; in 1970 some 200,000 
tons of perlite and 180,000 tons of vermiculite were 
used. Schroeder (1970a) gave a rather detailed dis- 
cussion of perlite processing, marketing, uses, and 
substitutes. 

Perlite is found in three major associations; in 
glassy zones in welded ash-flow tuffs, in lava flows 
from volcanic domes, and in the wall zones of fel- 
sitic intrusive plugs and dikes. Smith (1960) has 
described the central zone of dense welding in a 
simple cooling unit of an ash flow as a glass with 
virtually no porosity, composed of completely col- 
lapsed pumice and ash, and bordered successively, 
both above and below, by a zone of partial welding 
and a zone of no welding. Sparse phenocrysts of 
feldspar, quartz, biotite, and hornblende may be 
present in all the zones. Ash flows may be deposited 
before cooling of an underlying one has proceeded 
very far; as a result, composite cooling units may 
result. In these, the zones of dense welding may 
coalesce, and the intermediate zones of partial weld- 
ing and no welding are obliterated. In such a stack 
of flows, very thick densely welded zones of glass 
can develop. Characteristically, the welded zones 
pass laterally into zones of devitrification toward 
the central area of the cooling unit; thus, a zone of 
glass borders and envelops a zone of felsitic tuff. 
However, if cooling is sufficiently rapid to prevent 
crystallization, the glass may be preserved for some 
millions of year. Preservation of glasses, regardless 
of origin, is increasingly rare from the Pliocene 
back to the beginning of the Tertiary and is very 
rare in rocks older than that. 

The glass that develops in flows and in volcanic 
domes represents the rapidly cooled lava liquid, 
rather than collapsed pumice. Glass develops near 
the surface of the flow or dome and may be rolled 
under as the flow advances. In the process it may 
be brecciated, remelted, and annealed. As the flow 
comes to a stop, a zone of glass can be near its 
surface and near its base, and if cooling is rapid 
enough the zones may coalesce to make a flow that 
is virtually all glass. As with the ash-flow units, 
the glass may pass laterally into a felsitic central 
zone. In a somewhat analogous manner, a selvage 
of rapidly chilled glass can be formed at the con- 
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tact of a dike or plug with the country rock; in this 
type of occurrence the glass apparently devitrifies 
most rapidly. 

Perlite very commonly surrounds cores of ob- 
sidian, and there is a full range of occurrences from 
obsidian containing a minor amount of perlite along 
a network of fractures, through nearly equal 
amounts of perlite and obsidian, to complete perlite. 
Most obsidian cores range from about 1 inch in 
diameter to microscopic. Ross and Smith (1955) dis- 
covered a very marked, abrupt contrast in water 
content between the obsidian cores (a few tenths of 
1 percent) and the surrounding perlite (2-5 per- 
cent). They attributed the contrast to hydration 
of the glass after emplacement, on the basis of 
marked differences in the indices of refraction be- 
tween obsidian and perlite and the relative ease of 
dehydration of perlite below 600°C as compared 
with dehydration of obsidian between 800° and 
1,000°C. They suggested that the water in obsidian 
was pristine and that the water in perlite repre- 
sented hydration from snow, rain, and ground 
water. Investigations of the deuterium content of 
the water in obsidian and perlite by Smith and 
Friedman (1957) and Friedman and Smith (1958) 
showed that most of the water in perlite was in- 
deed of meteoric origin. These conclusions and the 
increasing devitrification of glass with increasing 
age are of importance to the consideration of perlite 
resources. 

As with the other volcanic glasses, perlite is 
widely distributed throughout the western conter- 
minous United States (Jaster, 1956). In 1970 the 
production of crude ore came from New Mexico (87 
percent), Arizona, California, Nevada, Colorado, 
Idaho, and Utah. A very few deposits have had 
short-term production in Oregon and Texas; other 
deposits are known in Montana, Wyoming, and 
Washington. ' 

Basic data on which to build a detailed estimate 
of the recoverable reserves of perlite in the United 
States are lacking. Simply, from the broad geologic 
knowledge of the very large volumes of extrusive 
rocks available, no shortage is foreseeable. As an 
example, some 600,000 tons of crude perlite was 
produced in 1970, and about 420,000 tons of ex- 
panded perlite was consumed, a ratio of about 1.5 
tons of crude for 1 ton of expanded. The perlite 
industry is moving toward less dependence on the 
construction industry, and so an annual growth rate 
(6 percent) should be assumed that can take into 
account consumption in additional new, and perhaps 
more rapidly growing, fields. Through the year 2000, 
the cumulative need for crude perlite production will 
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total about 48 million tons. Schilling (1960, p. 108) 
estimated that in north-central New Mexico alone 
“There is over 100 million tons—probably several 
hundred million tons—of readily minable, commer- 
cial-grade perlite in the No Agua deposit.” This is 
the district which produced nearly all the perlite 
mined in 1970. Even if this estimate should be an 
order of magnitude too large, a single district can 
apparently furnish at least one-fourth of the antici- 
pated demand. 

Numerous sizable deposits also are present in 
California (Chesterman, 1957, 1966), Arizona, Ne- 
vada, and elsewhere in New Mexico, all with reserves 
that appear to be in millions or tens of millions of 
tons. Other large deposits, but fewer, are present in 
Colorado (Bush, 1951, 1964), Utah, and Idaho. No 
quantitative data are available to estimate the 
amounts of paramarginal and submarginal resources, 
but the paramarginal resources (determined more 
by costs of stripping and transportation than by 
lower expansibility or greater dilution) are likely 
of the same order of magnitude as the reserves, 
whereas the submarginal resources are considerably 
smaller. Using the same approach as for pumice and 
pumicite, the total resource can be approximated 
very conservatively at about 650 million tons. 

The hydration of silicic volcanic glass by meteoric 
water raises the problem of how far the glasses are 
hydrated inward from their margins. The extent is 
surely a function of the thickness and permeability 
of the overlying rocks and of the structure, texture, 
and attitude of the host rocks. In the absence of 
data on the extent of hydration, any reserve or 
resources estimate must be considered to be a 
maximum. 


PUMICITE 


Laboratory investigations by the Oklahoma Geo- 
logical Survey in 1944 revealed that pumicite was 
capable of considerable expansion upon heating in 
excess of 1,100°C (Burwell, 1949). Additional inves- 
tigations by the Kansas Geological Survey in the 
1960’s provided many more data on temperatures 
and strengths and suggested industrial uses as filter 
aids and ultralightweight construction materials 
(Bauleke, 1962; Hardy and others, 1965). Discus- 
sion of geologic habit, reserves, and resources is 
given in the section on “Pumice and Pumicite.” 


VERMICULITE 
In contrast with all the other naturally occurring 
lightweight aggregate materials, vermiculite is a 
single mineral rather than an assemblage of min- 
erals. The rocks that are suitable for use as light- 
weight aggregates are abundant materials that oc- 
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cur in common geologic terranes, although they may 
not be ubiquitously distributed. The varieties of 
Cenozoic extrusive rocks previously described are 
good examples; they occur in a great many locali- 
tes throughout the western conterminous United 
States. In searching for recoverable reserves of ver- 
miculite, however, one must find a suitable host 
rock, then the site where it is in the proper geo- 
chemical environment, and then the specific areas 
where alteration has produced the mineral in the 
concentration needed to be useful. For vermiculite, 
the search must start with an understanding of the 
mineral and its origin. 

Mineralogically, vermiculite is a micaceous, hy- 
drated magnesium iron aluminum sheet silicate, of 
variable composition, composed of a basic unit 
formed of two tetrahedral silicate sheets which face 
each other and which are joined by an octahedral 
sheet that contains the aluminum and iron (Grim, 
1962). This configuration is also the basic structural 
unit of a single mica layer; the micas are built up 
by a repetitive stack of these layers. Each layer, 
on its upper and lower surfaces, has regularly ar- 
ranged “holes” that overlap corresponding sites on 
overlying layers. In biotite, potassium atoms occupy 
these sites, and their electronic charges help to hold 
the layers together. In vermiculite, only some of the 
sites are occupied, and these only by magnesium, 
but a double layer of water molecules also is present 
in these interlayer regions. 

Commercially, “vermiculite” includes any mica- 
ceous mineral that is capable of expansion, regard- 
less of its chemical composition or the regularity of 
its crystal structure. Pure vermiculite can be ex- 
panded (exfoliated) up to 30 times its original 
thickness when heated to about 1,600°-2,000°F 
(870°—1,100°C), impure varieties expand less. The 
exfoliation results from the flash conversion of the 
interlayer water molecules into steam; the mineral 
develops a high degree of porosity as the layers are 
forced apart into an accordionlike structure. The 
resulting material is easily compressed along the 
line of expansion, but it has moderate strength in 
other directions. Schroeder (1970b) has listed many 
of the uses of exfoliated vermiculite; most are con- 
nected with the construction industry, which in 1970 
consumed more than 80 percent of the output, about 
equally divided between aggregates for concrete, 
cement, and plaster, and insulating uses, mostly as 
loose fill. 

Vermiculite is an alteration product of a variety 
of mafic minerals; it has not been found as a pri- 
mary rock constituent. The geologic literature has 
many descriptions of vermiculite derived from bio- 
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tite, phlogopite, diopside, tremolite, augite, horn- 
blende, olivine, chlorite, and serpentine. The altera- 
tion may have included an intermediate biotite or 
chlorite stage, for X-ray diffraction studies of the 
vermiculite reveal it to be interlayered with biotite 
or chlorite, although macroscopic and microscopic 
examination may show no biotite or chlorite else- 
where in the rock. Biotite is the common parent 
mineral, and the similarity of the biotite and ver- 
miculite crystal structures permits an intimate inter- 
layering on a molecular scale in a series that ideally 
extends either regularly or irregularly from pure 
biotite through 1:1 biotite-vermiculite to pure ver- 
miculite. In a general way, varieties in the series 
from perhaps 10-50 percent vermiculite are called 
hydrobiotite. The alteration has been considered to 
be hydrothermal (Prindle and others, 1935; Leigh- 
ton, 1954) or supergene (Murdock and Hunter, 1946; 
Roy and Romo, 1957; Bassett, 1959) and partly both 
(Boettcher, 1966). The character of the alteration 
has a major impact on the resources of vermiculite. 

Almost all vermiculite deposits are associated with 
mafic and ultramafic rocks, both igneous and meta- 
morphic, that have been intruded by silicic and in 
many instances by alkalic igneous rocks, and in 
some instances by carbonatites. They can be broadly 
grouped in three different types, but there are strong 
points of similarity among all the classes: (1) large 
ultramafic intrusives, such as pyroxenite plutons, 
sometimes zoned, that are cut by syenites or alkalic 
granites and by carbonitic rocks and pegmatites 
(examples are deposits at Libby, Mont., and Phala- 
borwa, Republic of South Africa) ; (2) small to large 
ultramafic intrusives, such as dunites and unzoned 
pyroxenites and peridotites, that are cut by pegma- 
tites and syenitic or granitic intrusive rocks (ex- 
amples are deposits in the Blue Ridge region of the 
Southeastern United States); and (3) ultramafic 
metamorphic rocks (usually amphibolite schists that 
commonly are layered) that may have originally 
been igneous rocks, sometimes cut by or in contact 
with pyroxenites or peridotites, and cut by pegma- 
tites (examples are deposits in the Enoree district, 
South Carolina, and most of the deposits in Colo- 
rado, Wyoming, and Texas). With the major excep- 
tion of the deposit at Libby, almost all the vermicu- 
lite deposits in the world appear to be in rocks of 
Precambrian age. 

The world’s largest vermiculite deposit at Libby, 
Mont., is a zoned pyroxenite pluton of middle Cre- 
taceous age that cuts Precambrian sedimentary 
rocks of the Belt Supergroup (Boettcher, 1967)—a 
type 1 deposit. The pluton has a core of biotitite in 
a mass of biotite pyroxenite. A shell (like a ring 
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dike) of magnetite pyroxenite intruded the zone of 
weakness at the contact of the biotite pyroxenite 
with the country rocks. A younger mass of syenite 
cut both the magnetite and the biotite pyroxenite, 
and alkalic syenite dikes cut the biotitite core. 
Fenitized Belt rocks and a small nepheline syenite 
mass nearby suggest the presence of a carbonatitic 
mass at depth. Biotite in the biotite pyroxenite, and 
to a small extent in the magnetite pyroxenite, is 
altered to hydrobiotite and vermiculite; the biotite 
of the dense core is virtually unaltered. 

Boettcher (1966) concluded that the hydrobiotite 
is the result of high-temperature alteration (pre- 
sumably hydrothermal), whereas the vermiculite is 
the result of surficial alteration by circulating 
ground water. The evidence for hydrothermal altera- 
tion is not conclusive to me; a definite answer will 
probably not be gained until hydrobiotite is found 
below the level of ground-water circulation. A fairly 
intensive search of the literature has not turned up 
any such occurrences. The Mining Journal (1952) 
reported that vermiculite had been proved by drill- 
ing to a depth of 800 feet; as the deposit is located 
in mountainous terrain and underlies a ridge with 
from 800 to 1,200 feet of relief on three sides, it is 
very possible that the vermiculite from the bottom 
of the 800-foot hole was still in the zone of circulat- 
ing ground water, the zone of surficial alteration. 
Many hundreds of thousands of tons of vermiculite 
have been produced from this deposit since mining 
began about 1925, and the deposit is far from 
depleted. 

Vermiculite in the dunite-type (type 2) deposits 
of the Blue Ridge province also is found only in the 
zone of weathering. It occurs in veins and lenses 
along the commonly serpentinized contact of dunite 
and pyroxenite bodies with the metamorphic country 
rocks and with crosscutting pegmatites, and along 
fractures within the bodies. The largest deposits are 
at the contacts, but the highest concentrations are 
along the internal fractures. Where the country rock 
also is mafic (hornblende gneiss or biotite schist), 
the vermiculite may occur on both sides of the con- 
tact. In these deposits, vermiculite typically occurs 
in lenses that are as much as 4-5 feet thick and 
50-60 feet long. A few lenses are 20 feet thick and 
more than 100 feet long (Hunter, 1950). 

There is considerable variety among the deposits 
in the layered metamorphic rocks (type 3). Some 
of the amphibolite and biotite schists may have been 
sedimentary rocks, others intrusive or extrusive 
rocks, but all deposits are characterized by granitic 
or syenitic crosscutting pegmatites. The deposits in 
the second most important group in the United 
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States are of this type, in the Enoree and Enoree- 
Waldrep districts of South Carolina, where many 
deposits have contained 20,000 to 50,000 tons of ore, 
and some as much as 100,000 tons of ore. In these 
districts, weathering is so intense that rock types 
are difficult to identify and the contact relations are 
very obscure. Hunter (1950) suggested that the 
vermiculite developed by deep weathering of biotite 
from lenses of pyroxenite in contact with biotite 
gneiss and schist. Only fragments of pyroxenite 
have been found in the deposits; the pyroxenite 
bodies may have been metamorphosed to amphibolite 
schists, which have been mapped in the Enoree area 
by McClure (1963). All the deposits are cut by 
stringers of pegmatite, and small masses of “gran- 
ite” have been reported. Hunter (1950) described 
vermiculite lenses 450 feet long and 150 feet wide, 
with a depth to unaltered biotite of about 80 feet; 
these dimensions suggest pluglike bodies rather than 
dikes or layered rocks, but most of the deposits have 
length-width rations of 5:1 or greater—consistent 
with favorable zones in layered rocks. 

The most numerous deposits, but also those with 
the smallest amounts of vermiculite, are in the 
layered metamorphic rock (type 3). Characteristic- 
ally, the deposits are in biotite schists, amphibolite 
schists, or mica-amphibolite schists, and are cut by 
pegmatites. The deposits are only a few feet thick, 
although they may be several hundred long, and the 
depth of weathering is usually no more than a few 
tens of feet. Ore content usually ranges from a few 
hundred tons to several thousand tons. Hagner 
(1944) described several deposits of this type in 
Wyoming, and Clabaugh and Barnes (1959) did so 
for Texas. Descriptions of deposits in other States 
are given in publications listed in ‘Selected Refer- 
ences.” 

In general, the geologic relations of all the types 
of deposits suggest that pyroxenes (diopside and 
augite), amphiboles (hornblende and tremolite), and 
olivine in the ultramafic rocks were altered by solu- 
tions and volatiles from intrusive syenites, carbona- 
tites, and pegmatites (supplying mostly OH); and 
biotite, phlogopite, serpentine, and chlorite were 
formed. Supergene alteration by circulating ground 
waters later removed the alkalis, redistributed mag- 
nesium, and added H.O as interlayer water mole- 
cules to form vermiculite. The position of 1:1 regu- 
larly interstratified hydrobiotite in the sequence is 
not certain (Boettcher, 1966), but I believe that it, 
too, is a supergene alteration product. 

In order of significance, the vermiculite deposits 
of the United States are in Montana (almost two- 
thirds of the United States production), the Inner 
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Piedmont province of South Carolina (one-third of 
the production), the Blue Ridge province in Vir- 
ginia, North Carolina, South Carolina, and Georgia, 
and scattered deposits in Wyoming, Texas, Colorado, 
California, Nevada, Arizona, Washington, and Ore- 
gon. The almost invariable association of vermicu- 
lite with Precambrian rocks allows Hawaii and vir- 
tually all the central part of the country from the 
Rocky Mountains east to the Blue Ridge to be dis- 
missed from consideration, except possibly the 
Wichita Mountains and the Ozark Mountains. 

All the recoverable reserves of vermiculite in the 
United States are in one deposit in Montana and in 
several deposits in the Enoree and Enoree-Waldrep 
districts of South Carolina. Inasmuch as almost all 
of them are controlled by a single company, and the 
rest by two other companies, it is not appropriate to 
publish a quantitative estimate. However, in 1952 
a mining publication in London (Mining Jour., 1952) 
estimated that reserves at the Libby deposit ranged 
from 25 to 100 million tons. No grade was given, so 
the amount of vermiculite mineral that was available 
is uncertain. As a measure of the United States 
position, we can again estimate the cumulative out- 
put needed to satisfy the demand through the year 
2000, using a 5-percent rate for the annual growth. 
Based on the 1970 production (Fulkerson, 1972) of 
about 285,000 tons of crude and 220,000 tons of 
exfoliated vermiculite, about 19 million tons of crude 
will be required. Since 1952 about 4.3 million tons 
of crude has been produced from all U.S. deposits. 
The total is less than the smaller estimate for the 
Libby deposit as published in 1952. 

The remainder of the identified resources of ver- 
miculite must be classed as submarginal, for it is 
unlikely that any of the other known deposits can 
be brought into operation at 1.5 times the present 
price. They are too small, or too low grade, or too 
poorly located to be able to compete at that price; 
thus, they cannot be considered paramarginal re- 
serves. The total tonnage that can be estimated as 
submarginal reserves is on the order of 2-3 million 
tons in North and South Carolina, Texas, Wyoming, 
Colorado, and Nevada. 

Hypothetical resources in the known districts are 
probably on the order of 114-2 million tons—it is 
unlikely that a new Libby will be found in the 
known districts, but discovery of new deposits of 
the Enoree type can be expected. It is also unlikely 
that there is only one Libby deposit in the conter- 
minous United States, and so a projection of 25 to 
100 million tons in the classification of speculative 
resources seems reasonable. 

Where and how are the hypothetical and specula- 
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tive resources to be found? Most of the hypothetical 
resources, in deposits of the 20,000- to 100,000-ton 
size, are likely to come from deposits of the Enoree 
type in the Inner Piedmont region of South Caro- 
lina. Possibly a combination of airborne and ground 
geophysical surveys and detailed geologic mapping 
can locate these deposits. We should be able to 
distinguish the zones of ultramafic rocks from the 
granitic rocks by airborne magnetic surveys, and 
possibly we may be able to identify magnetic anoma- 
lies the size of the target vermiculite deposits. At 
present there are virtually no guides to favorable 
ground and ore deposits, other than the relationship 
to ultramafic rocks. 

Deposits of the Libby size, which would contain 
most of the speculative resources, have geologic 
relations that are intriguing and encouraging for 
additional discoveries. The association of ultramafic 
plutons with syenites, alkalic rocks, and carbonatites 
is too common to be happenstance; the association 
of these rocks is known from several deposits in the 
United States (Rocky Boy, Mont.; Gem Park— 
McClure Mountain and Powderhorn, Colo.), in the 
U.S.S.R., and, in particular, in many parts of the 
African continent. Several generalized clues to 
places where these rocks may be found together 
are (1) the rocks are usually in Precambrian ter- 
ranes, (2) they may be related to Precambrian 
structural trends, (3) they may exhibit significant 
magnetic anomalies, and (4) they may be character- 
ized by ring-dike structures. 

Several problems deserve investigation. What is 
the environment in which mafic minerals are altered 
to vermiculite? What are the temperature-pressure 
conditions and the role of solutions and volatiles 
from pegmatites, alkalic rocks, and carbonatites? 
What is the mineralogenic sequence—the need for 
formation of a micaceous mineral as an intermedi- 
ate step between diospide and vermiculite, for ex- 
ample? What role does the composition of the 
ground water play in the formation of vermiculite, 
and what climatic factors affect the alteration, and 
in what way? In a broader context, where the 
answers are of importance to resources besides ver- 
miculite, what are the guides to the localization of 
ultramafic rocks, of syenites and carbonatites and 
other alkalic rocks? 


SELECTED REFERENCES 


Aase, J. H., 1967, Lightweight aggregates—Expansion prop- 
ties of selected Michigan shales: U.S. Bur. Mines Rept. 
Inv. 7055, 23 p. 

Anderson, F. G., Selvig, W. A., Baur, G. S., Colbassani, P. J., 
and Bank, W., 1956, Composition of perlite: U.S. Bur. 
Mines Rept. Inv. 5199, 13 p. 


352 


Asher, R. R., 1964, Stone and construction materials, in Min- 
eral and water resources of Idaho: U.S. 88th Cong., 2d 
sess., Senate Committee on Interior and Insular Affairs, 
Comm, Print., p. 200-211. 

1965, Volcanic construction materials in Idaho: Idaho 
Bur. Mines and Geology Pamph. 135, 150 p. 

Austin, C. R., Nunes, J. L., and Sullivan, J. D., 1942, Basic 
factors involved in the bloating of clays: Mining Tech- 
nology, v. 6, no. 4 [Am. Inst. Mining and Metall. Engi- 
neers Tech. Pub. 1486], 11 p. 

Barbour, E. H., 1916, Nebraska pumicite: Nebraska Geol. 
Survey, v. 4, pt. 27, p. 357-401. 

Bassett, W. A., 1959, The origin of the vermiculite deposit at 
Libby, Montana: Am. Mineralogist, v. 44, no. 3-4, p. 
282-299. 

Bauleke, M. P., 1962, What’s new in voleanie ash for in- 
dustry?: Kansas Geol. Survey Bull. 157, pt. 3, 19 p. 
Boettcher, A. L., 1966, Vermiculite, hydrobiotite, and biotite 
in the Rainy Creek igneous complex near Libby, Mon- 

tana: Clay Minerals, v. 66, no. 4, p. 283-296. 

1967, The Rainy Creek alkaline—ultramafic igneous 
complex near Libby, Montana: Jour. Geology, v. 75, 
no. 5, p. 526-553. 

Bowen, C. H., 1955, Lightweight aggregates in Ohio: Ohio 
State Univ. Expt. Sta. News Eng., v. 27, no. 2, p. 18-21. 

Brown, L. F., Jr., 1959, A review of Pennsylvanian clay 
mineral industries, north-central Texas: Texas Univ. 
Bur. Econ. Geology Mineral Resources Cire. 39, 10 p. 

Brownell, W. E., Broughton, J. G., and Peterson, R. B., 1951, 
The clay and shales of New York State: Albany, New 
York State Dept. Commerce, 349 p. 

Burnett, J. L., 1964, Prospecting for expansible shale: Min- 
ing Eng., v. 16, no. 1, p. 50-51. 

1966, Shale, expansible, in Mineral and water re- 
sources of California: U.S. 89th Cong., 2d sess., Senate 
Comm. on Interior and Insular Affairs, Comm. Print. 
(California Div. Mines and Geology Bull. 191), p. 374— 
380. 

Burwell, A. L., 1949, Cellular products from Oklahoma vol- 
eanic ash: Oklahoma Geol. Survey Circ. 27, 89 p. 

1954, Lightweight aggregate from certain Oklahoma 
shales: Oklahoma Geol. Survey Mineral Rept. 24, 20 p. 

Bush, A. L., 1951, Sources of lightweight aggregates in 
Colorado: Colorado Sci. Soe. Proc., v. 15, no. 8, p. 305- 
368. 

1964, Lightweight aggregates, in Mineral and water 

resources of Colorado: U.S. 88th Cong., 2d sess., Senate 

Comm. Interior and Insular Affairs, Comm. Print., p. 

197-202. 

1967, Lightweight aggregate, in Mineral and water 
resources of Missouri: U.S. 90th Cong., 1st sess., Senate 
Doc. 19 (Missouri Div. Geol. Survey and Water Re- 
sources [Rept.], 2d ser., v. 43), p. 155-157. 

Bush, A. L., and Sweeney, J. W., 1968, Lightweight ag- 
gregates, in Mineral resources of the Appalachian re- 
gion: U.S. Geol. Survey Prof. Paper 580, p. 210-224. 

Caldwell, D. W., 1959, Glacial lake and marine clays of the 
Farmington area, Maine—Origin and possible use as 
lightweight aggregate: Maine Geol. Survey Spec. Geol. 
Studies, no. 3, 48 p. 

Carey, J. S., Frye, J. C., Plummer, Norman, and Swineford, 
Ada, 1952, Kansas voleanic ash resources: Kansas Geol. 
Survey Bull. 96, pt. 1, 68 p. 

Chesterman, C. W. ,1956, Pumice, pumicite, and volcanic 


UNITED STATES MINERAL RESOURCES 


cinders in California: California Div. Mines Bull. 174, p. 

3-99. 

1957, Voleanic lightweight aggregates of Western 

United States: Internat. Geol. Cong., 20th, Mexico, D.F., 

1956, sec. 1, Vulcanologia del cenozoico, v. 1, p. 205-229. 

1966, Pumice, pumicite, perlite, and volcanic cinders, 
in Mineral and water resources of California: U.S. 89th 
2d sess., Senate Comm. on Interior and Insular Affairs, 
Comm, Print. (California Div. Mines and Geology Bull. 
191), p. 386-341. 

Chopra, S. K., Lal, Kishan, and Ramachandran, V. S., 1964, 
Gas producing agents in the production of lightweight 
aggregates: Jour. Appl. Chemistry (London), v. 14, 
no. 5, p. 181-185. 

Clabaugh, S. E., and Barnes, V. E., 1959, Vermiculite in 
central Texas: Texas Univ. Bur. Econ. Geology Rept. 
Inv. 40, 32 p. 

Cole, W. A., and Zetterstrom, J. D., 1954, Investigation of 
lightweight aggregates in North and South Dakota: 
U.S. Bur. Mines Rept. Inv. 5065, 43 p. 

Colton, H. S., 1964, Collapsed cinder cones in the San Fran- 
cisco Mountains, in Contributions to the geology of 
northern Arizona: Mus. Northern Arizona Bull. 40, p. 
1-4. 

Conley, J. E., 1942, Waste slate as a raw material source 
of lightweight aggregates: Mining Technology, v. 6, 
no. 5 [Am. Inst. Mining and Metall. Engineers Tech 
Pub. 1512], 6 p. 

Conley, J. E. Wilson, Hewitt, Klinefelter, T. A., and others, 
1948, Production of lightweight concrete aggregates 
from clays, shales, slates, and other materials: U.S. 
Bur. Mines Rept. Inv. 4401, 121 p. 

De Munck, V. C., 1956, Possibilities for lightweight aggregate 
for concrete near Great Falls, Montana: Montana Bur. 
Mines and Geology Inf. Cire. 12, 11 p. 

Diamond, W. G., Early, T. R., and Robertson, H. F., 1964, 
Expanded clay and shale lightweight aggregate in- 
dustry in the South-central United States: U.S. Bur. 
Mines Inf. Circ. 8233, 50 p. 

Dixon, L. H., 1967, Test data and evaluation of miscellaneous 
clays: Louisiana Geol. Survey Clay Resources Bull. 1, 
107 p. 

Dixon, L. H., and Tyrrell, M. E., 1969, Occurrence, test data, 
and evaluation of clay for making lightweight aggre- 
gate: Louisiana Geological Survey Clay Resources Bull. 
2, 145 p. 

Donnelly, R. P., Brennan, L. J., and Peacock, B., 1968, 
Mechanism of bloating of clays and shales: Australian 
Chem. Processing and Engineering, v. 21, no. 1, p. 8— 
5s 

Eckhart, R. A., and Plafker, George, 1959, Haydite raw ma- 
terials in the Kings River, Sutton, and Lawing areas, 
Alaska: U.S. Geol. Survey Bull. 1039-C, p. 33-65. 

Ehlers, E. G., and Richardson, J. H., 1958, Mineralogical 
factors involved in the formation of lightweight aggre- 
gates, pt. 2 of Everhart, J. O., and others, A study of 
lightweight aggregates: Ohio State Univ. Eng. Expt. 
Sta. Bull. 169, p. 24-44. 

Elston, W. E., 1967, Summary of the mineral resources of 
Bernalillo, Sandoval, and Sante Fe Counties, New 
Mexico (exclusive of oil and gas): New Mexico Bur. 
Mines and Mineral Resources Bull. 81, 81 p. 

Everhart, J. O., Ehlers, E. G., and Johnson, EH. G., 1958, The 


LIGHTWEIGHT AGGREGATES 


sampling and evaluation program, in Everhart, J. O., 
and others, A study of lightweight aggregates: Ohio 
State Univ. Eng. Expt. Sta. Bull. 169, v. 27, no. 3, 
p. 1-23. 

Fisher, W. L., and Garner, L. E., 1965, Clay and clay ma- 
terials, in Fisher, W. L., Rock and mineral resources of 
east Texas: Texas Univ. Bur. Econ. Geology Rept. 
Inv. 54, p. 79-179. 

Foster, R. W., 1966, Sources for lightweight state aggregate 
in New Mexico: New Mexico Bur. Mines and Mineral 
Resources Bull. 88, 86 p. 

Friedman, Irving, and Smith, R. L., 1958, The deuterium 
content of water in some volcanic glasses: Geochim. et 
Cosmochim. Acta, v. 15, p. 218-228. 

Fulkerson, F. B., 1972, Vermiculite: U.S. Bur. Mines Min- 
erals Yearbook, 1970, v. 1, p. 1171-1173. 

Gemmill, Paul, 1964, Perlite, in Mineral and water resources 
of Nevada: U.S. 88th Cong., 2d sess., Senate Doc. 87, p. 
230-235. 

Gervids, I. A., 1957, Keramzit (Investigation of its tech- 
nology): Nauchno Soobshchenie, Nauchno-—Issled. Inst. 
Novykh Stroitel. Materialov, Keramzit, p. 7—75. 

Greene, R. C., Walker, G. W., and Corcoran, R. E., 1972, 
Geologic map of the Burns quadrangle, Oregon: U.S. 
Geol. Survey Mise. Geol. Inv. Map I-680. 

Grim, R. E., 1962, Applied clay mineralogy: New York, 
McGraw-Hill Book Co., p. 20-37. 

Grosh, W. A., and Hamlin, H. P., 1963, Lightweight ag- 
gregates—Expansion properties of clays, shales, and 
argillites of Minnesota: U.S. Bur. Mines Rept. Inv. 
63138, 30 p. 

Gustafson, Fred D., 1949, The mining, milling, and proces- 
sing of perlite: Am. Inst. Mining and Metall. Engineers 
Trans., v. 184, p. 313-316. 

Hagner, A. F., 1944, Wyoming vermiculite deposits: Wyo- 
ming Geol. Survey Bull. 34, 47 p. 

Ham, W. E., 1949, Volcanic ash deposits in Oklahoma, in 
Burwell, A. L., Cellular products from Oklahoma vol- 
eanic ash: Oklahoma Geol. Survey Cire. 27, p. 42-81. 

Hamlin, H. P., and Templin, George, 1962, Evaluating raw 
materials for rotary-kiln production of lightweight ag- 
gregate: U.S. Bur. Mines Inf. Cire. 8122, 23 p. 

Hammer, D. F., Webster, R. N., and Lamb, D. C., 1962, 
Some geologic features of the Superior area, Pinal 
County, Arizona: New Mexico Geol. Soc. Guidebook 
18th Ann. Field Conf., p. 148-153. 

Hardy, R. G., 1966, Inventory of Kansas industrial minerals: 
Kansas Geol. Survey Mineral Resources Notes, no. 1, 
p. 1-8. 

Hardy, R. G., Bauleke, M. P., Hornbaker, A. L., Hess, W. 
R., and Hladik, W. B., 1965, Kansas industrial mineral 
development—A feasibility study for the production of 
filter aids from Kansas voleanic ash: Kansas Geol. Sur- 
vey Spec. Distrib. Pub. 19, 34 p. 

Hatmaker, Paul, 1932, Pumice and pumicite: U.S. Bur. 
Mines Inf. Cire. 6560, 23 p. 

Hickman, R. C., and Hamlin, H. P., 1964, Ceramic clay in- 
vestigations in Alachua, Clay, and Putnam Counties, 
Florida: Florida Geol. Survey Inf. Cire. 46, 41 p. 

Higgs, D. V., 1949, Quantitative areal geology of the United 
States: Am. Jour. Sci., v. 247, no. 8, p. 575-583. 

Hill, R. D., and Crook, D. N., 1960, Some causes of bloating 
in expanded clay and shale aggregates: Australian 
Jour. Appl. Sci., v. 11, no. 3, p. 374-384. 


353 


Hollenbeck, R, P., and Tyrrell, M. E., 1968, Shales for light- 
weight aggregate in Appalachian region, Kentucky and 
Tennessee: U.S. Bur. Mines Rept. Inv. 7129, 54 p. 

1969, Raw materials for lightweight aggregate in 
Appalachian region, Alabama and Georgia: U.S. Bur. 
Mines Rept. Inv. 7244, 21 p. 

Horton, R. C., 1964a, Pumice, pumicite, and voleanic cinders, 
in Mineral and water resources of Nevada: U.S. 88th 
Cong., 2d sess., Senate Doc. 87, p. 237-240. 

Compiler, 1964b, Industrial minerals of Nevada: 
Nevada Bur. Mines Map 27, 1:1,000,000. 

Hosterman, J. W., 1966, Clays, in Mineral and water re- 
sources of Washington: U.S. 89th Cong., 2d sess., Senate 
Comm. on Interior and Insular Affairs, Comm. Print., 
p. 183-185. 

Hubbard, C. R., 1955, A survey of the mineral resources of 
Idaho: Idaho Bur. Mines and Geology Pamph. 105, 74 
p. 

Hunter, C. E., 1950, Vermiculite of the southeastern states, 
in Snyder, F. G., ed., Symposium on mineral resources 
of the Southeastern United States: Knoxville Tennessee 
Univ. Press, p. 120-127. 

Huntting, M. T., 1966, Pumice, pumicite, volcanic cinders, 
and perlite, in Mineral and water resources of Washing- 
ton: U.S. 89th Cong., 2d sess., Senate Comm. on Interior 
and Insular Affairs, Comm, Print., p. 240-245. 

Jaster, M. C., 1956, Perlite resources of the United States: 
U.S. Geol. Survey Bull. 1027-I, p. 375-403. 

Karsten, Andrew, 1956, Characteristics and behavior of cer- 
tain South Dakota shales under expansion to produce 
lightweight aggregate: South Dakota Nat. Resources 
Comm. 34 p. 

Keith, S. B., 1969a, Basalt and related rocks, in Mineral and 
water resources of Arizona: U.S. 90th Cong., 2d sess., 
Senate Comm. on Interior and Insular Affairs, Comm. 
Print. (Arizona Bur. Mines Bull. 180), p. 315-320. 

1969b, Pumice and pumicite, in Mineral and water 
resources of Arizona: U.S. 90th Cong., 2d sess., Senate 
Comm. on Interior and Insular Affairs, Comm. Print. 
(Arizona Bur. Mines Bull. 180), p. 407-412. 

Kiersch, G. A., 1955, Construction materials—Geology, eval- 
uation and uses, with sections on Mineral Resources, 
Navajo-Hopi Indian Reservations, Arizona-Utah, by J. C. 
Haff and H. W. Pierce: Tucson, Arizona Univ. Press, 
v. 3, 81 p. 

King, C. R., 1948, Pumice and perlite as industrial minerals 
in California: California Jour. Mines and Geology, v. 
44, no. 3, p. 293-319. 

Klinefelter, T. A., and Hamlin, H. P., 1957, Syllabus of 
clay testing: U.S. Bur. Mines Bull. 565, p. 39-41. 
Knechtel, M. M., Hamlin, H. P., and Hosterman, J. W., 
1966, Expandable clay in St. Marys Formation of south- 
ern Maryland: Maryland Geol. Survey Rept. Inv. 4, 

17 p. 

Knechtel, M. M., and Hosterman, J. W., 1960, Bloating clay 
in Miocene strata of Maryland, New Jersey, and Vir- 
ginia: U.S. Geol. Survey Prof. Paper 400-B, p. B59- 
B62. 

Knechtel, M. M., Larrabee, D. M., Fischer, E. C., and others, 
compilers, 1948, Map showing construction materials 
and nonmetallic, mineral resources of Montana: U.S. 
Geol. Survey Missouri River Basin Studies 11. 

Kulp, J. L., and Brobst, D. A., 1954, Notes on the dunite 
and the geochemistry of vermiculite at the Day Book 


354 


dunite deposit, Yancey County, North Carolina: Econ. 
Geology, v. 49, no. 2, p. 211-220. 

Lee, K. Y., Petsch, B. C., Rothrock, E. P., and Agnew, A. F., 
1961, Possible expanded shale resources near Yankton, 
South Dakota: South Dakota Geol. Survey Mineral Re- 
sources Inv. Map 1. 

Leighton, F. B., 1954, Origin of vermiculite deposits, south- 
ern Virgin Mountains, Nevada [abs.]: Geol. Soc. America 
Bull., v. 65, no. 12, pt. 2, p. 1277. 

1967, Gold Butte vermiculite deposits, Clark County, 
Nevada: Nevada Bur. Mines Rept. 16, 18 p. 

Lodding William, 1956, Raw materials for lightweight ag- 
gregate production in New Jersey: Rutgers Univ. Bur. 
Mineral Research Bull. 7, 160 p. 

Lugn, A. L., 1935, The Pleistocene geology of Nebraska: 
Nebraska Geol. Survey Bull. 10 2d ser., p. 132-134. 
McClure, W. C., 19638, Geology of the Enoree area, South 
Carolina: South Carolina Univ. unpub. M.S. thesis, 39 

p. 

McGrain, Preston, 1957, Sources of shale in Kentucky for 
lightweight aggregate production: Kentucky Geol. Sur- 
vey Rept. Inv. 12, ser. 9, 23 p. 

1958, Sources of shale in Kentucky for lightweight 
aggregate production No. 2: Kentucky Geol. Survey 
Rept. Inv. 15, ser. 9, 30 p. 

McKelvey, V. E., 1972, Mineral resource estimates and pub- 
lic policy: Am. Scientist, v. 60, no. 1, p. 32-40. 

Mapel, W. J., and Hail, W. J., Jr., 1959, Tertiary geology 
of the Goose Creek district, Cassia County, Idaho, Box 
Elder County, Utah, and Elko County, Nevada: U.S. 
Geol. Survey Bull. 1055—-H, p. 217-254 [1960]. 

Mason, R. S., 1969, Stone, in Mineral and water resources of 
Oregon: U.S. 90th Cong., 2d sess., Senate Comm. on 
Interior and Insular Affairs, Comm. Print., p. 261-265. 

Maxwell, R. A., 1962, Mineral resources of south Texas: 
Texas Univ. Bur. Econ. Geology Rept. Inv. 43, 140 p. 

Meisinger, A. C., 1972, Pumice: U.S. Bur. Mines Minerals 
Yearbook, 1970, p. 965-969. 

Mining Journal, 1952, The vermiculite industry: v. 738, no. 
6091, p. 499. 

Murdock, T. G., and Hunter, C. E., 1946, The vermiculite de- 
posits of North Carolina: North Carolina Div. Mineral 
Resources Bull. 50, 44 p. 

Murray, H. H., and Smith, J. M., 1958, Lightweight ag- 
gregate potentialities of some Indiana shales: Indiana 
Dept. Conserv. Rept. Press 12, 42 p. 

Olson, R. H., 1964, Vermiculite, in Mineral and water re- 
sources of Nevada: U.S. 88th Cong., 2d sess., Senate 
Doce. 87, p. 260-262. 

O’Neill, B. J., Jr., and others, 1965, Properties and uses of 
Pennsylvania shales and clays: Pennsylvania Topog. and 
Geol. Survey Mineral Resources Rept. M51, 448 p. 

Osterwald, F. W., Osterwald, D. B., Long, J. S., Jr., and 
Wilson, W. H., 1959, Mineral resources of Wyoming: 
Wyoming Geol. Survey Bull. 50, 259 p. 

Pallister, H. D., Hastings, E. L., and Daniel, T. Was urs; 
1964, Clay and shale for lightweight aggregate in Ala- 
bama: Alabama Geol. Survey Circ. 26, 45 p. 

Parks, W. S., McLeod, C. A., and Wehr, A. G., 1964, Survey 
of lightweight aggregate materials of Mississippi: 
Mississippi Geol. Econ, and Topog. Survey Bull. 103, 
115 p. 

Patterson, S. H., and Cox, E. J., 1964, Clays, bentonite, and 
lightweight aggregate, in Mineral and water resources 


UNITED STATES MINERAL RESOURCES 


of South Dakota: U.S. 88th Cong., 2d sess., Senate 
Comm. on Interior and Insular Affairs, Comm. Print., 
p. 105-112. 

Pierce, H. W., 1969, Perlite, in Mineral and water resources 
of Arizona: U.S. 90th Cong., 2d sess., Senate Comm, on 
Interior and Insular Affairs, Comm. Print. (Arizona 
Bur. Mines Bull. 180), p. 403—407. 

Plafker, George, and Berg, H. C., 1964, Nonmetallic min- 
eral resources, in Mineral and water resources of Alaska: 
U.S. 88th Cong., 2d sess., Senate Comm. on Interior and 
Insular Affairs, Comm. Print., p. 145-146. 

Plummer, H., and Hladik, W. B., 1951, The manufacture of 
lightweight concrete aggregate from Kansas clays and 
shales: Kansas Geol. Survey Bull. 91, p. 1-100. 

Prindle, L. M., and others, 1935, Kyanite and vermiculite de- 
posits of Georgia: Georgia Geol. Survey Bull. 46, p. 
41-46. 

Prokopovich, N., and Schwartz, G. M., 1957, Preliminary 
survey of bloating clays and shales in Minnesota: Min- 
nesota Geol. Survey Summary Rept. 10, 69 p. 

Riley, C. M., 1951, Relation of chemical properties to the 
bloating of clays: Am. Ceramic Soc. Jour., v. 34, no. 
4, p. 121-128. 

Roberts, M. J., 1958, Bloated clay aggregate—Its production 
and marketing potential in Florida: Florida Univ. Eng. 
Prog. Bull. Ser. 98, v. 12, no. 6, 51 p. 

Robinson, G. D., and Marvin, R. F., 1967, Upper Cretaceous 
voleanic glass from western Montana: Geol. Soc: Am. 
Bull., v. 78, no. 5, p. 601-608. 

Roen, J. B., and Hosterman, J. W., 1969, Analyses and po- 
tential uses of selected shales and clays, Greene County, 
Pennsylvania: Pennsylvania Geol. Survey Inf. Cire. 67, 
4th ser., p. 17. 

Root, S. I., 1968, Geology and mineral resources of south- 
eastern Franklin County, Pennsylvania: Pennsylvania 
Geol. Survey Atlas 119, 4th ser., 118 p. 

Ross, C. S., and Smith, R. L., 1955, Water and other volatiles 
in voleanic glasses: Am. Mineralogist, v. 40, nos. 11, 
12, p. 1071-1089. 

Roy, Rustum, and Romo, L. A., 1957, New data on vermi- 
culite, pt. 1 of Weathering studies: Jour. Geology, v. 
65, no. 6, p. 603-610. 

Sahinen, U. M., 1968. Clays, in Mineral and water resources 
of Montana: U.S. 88th Cong., 1st sess., Senate Comm. 
on Interior and Insular Affairs, Comm. Print., p. 60-62. 

Schilling, J. H., 1960, Mineral resources of Taos County, 
New Mexico: New Mexico Bur. Mines and Mineral Re- 
sources Bull. 71, 124 p. 

Schroeder, H. J., 1970a, Perlite, in Mineral facts and prob- 
lems, 1970: U.S. Bur. Mines Bull. 650, p. 1129-1137. 

1970b, Vermiculite, in Mineral facts and problems, 
1970: U.S. Bur. Mines Bull. 650, p. 1283-1291. 

Sharps, T. I., 1961, Perlite in Colorado and other Western 
States: Colorado School Mines Mineral Industries Bull., 
v. 4, no. 6, 16 p. 

Smith, C. E., 1963, Lightweight aggregate industry in Vir- 
ginia: Virginia Minerals, v. 9, no. 3, p. 1-6. 

Smith, R. L., 1960, Zones and zonal variations in welded 
ash flows: U.S. Geol. Survey Prof. Paper 354-F, p. 
149-159 [1961]. 

Smith, R. L., and Friedman, Irving, 1957, Origin of water 
in some volcanic glass [abs.]: Geol. Soc. America Bull., 
v. 68, no. 12, p. 1730. 

Staley, W. W., 1962, The Oneida perlite deposit: Idaho Bur. 


LIGHTWEIGHT AGGREGATES 


Mines and Geology Mineral Resources Rept. 9, 7 p. 

Stuckey, J. L., 1965, North Carolina—Its geology and min- 
eral resources: North Carolina Dept. Conserv. and 
Devel., 550 p. 

Sullivan, J. D., Austin, C. R., and Rogers, E. J., 1942, Ex- 
panded clay products: Am. Inst. Mining and Metall. 
Engineers Tech. Pub. 1485, 10 p. 

Sweeney, J. W., and Hamlin, H. P., 1964, Lightweight ag- 
gregates—Expansion properties of selected Iowa shales, 
clays, and loess: U.S. Bur. Mines Rept. Inv. 6393, 33 p. 

1965a, Lightweight aggregates—Expansion proper- 

ties of selected Illinois shales and clays: U.S. Bur. Mines 

Rept. Inv. 6614, 34 p. 

1965b, Lightweight aggregates—Expansion proper- 
ties of selected Indiana shales: U.S. Bur. Mines Rept. 
Inv. 6574, 28 p. 

Talmage, S. B., and Wootton, T. P., 1937, The nonmetallic 
mineral resources of New Mexico and their economic 
features (exclusive of fuels): New Mexico Bur. Mines 
and Mineral Resources Bull. 12, p. 135-1387. 

Temple, A. K., and Grogan, R. M., 1965, Carbonatite and 
related alkalic rocks at Powderhorn, Colorado: Econ. 
Geology, v. 60, no. 4, p. 672-692. 

Trefethen, J. M., 1955, Lightweight aggregate in Maine, in 
Report of the State Geologist, 1953-1954: Maine Devel. 
Comm., p. 83-85. 

Van Horn, Richard, 1964, Lightweight aggregate, in Min- 
eral and water resources of Utah: U.S. 88th Cong., 2d 
sess., Senate Comm. on Interior and Insular Affairs, 
Comm. Print., p. 185-188. 

Varley, E. R., 1952, Vermiculite: London, Colonial Geof 


355 


Surveys, Mineral Resources Div., 70 p. 

Wagener, N. S., 1969, Perlite, pumice, pumicite, and cinders, 
in Mineral and water resources of Oregon: U.S. 90th 
Cong., 2d sess., Senate Comm. on Interior and Insular 
Affairs, Comm. Print., p. 222-228. 

Weber, R. H., 1963, Geologic features of the Socorro perlite 
deposits, in New Mexico Geol. Soc. Guidebook 14th Ann. 
Field Conf., 1963—Socorro region: New Mexico Bur. 
Mines and Mineral Resources, p, 144-145. 

1965, Lightweight aggregates, in Mineral and water 
resources of New Mexico: U.S. 89th Cong., ist sess., 
Senate Comm. on Interior and Insular Affairs, Comm. 
Print:, p. 332-344. 

Weis, P. L., 1968, Vermiculite, in Mineral and water re- 
sources of Montana: U.S. 88th Cong., 1st sess., Senate 
Comm. on Interior and Insular Affairs, Comm. Print., p. 
127-128. . 

White, W. A., 1960, Lightweight aggregate from Illinois 
shales: Illinois Geol. Survey Circ. 290, 29 p. 

White, W. A., and O’Brien, N. R., 1964, Illinois clay re- 
sources for lightweight ceramic block: Illinois Geol. Sur- 
vey Circ. 371, 15 p. 

Williamson, D. R., and Burgin, Lorraine, 1960, Pumice and 
pumicite: Colorado School Mines Mineral Industries 
Bull., v. 3, no. 3, p. 1-12. 

Wright, L. A., Chesterman, C. W., and Norman, L. A., Jr., 
1954, Occurrence and use of nonmetallic commodities in 
southern California: California Div. Mines Bull. 170, 
chap. 8, pt. 7, p. 59-74. 

Yagi, K., 1966, Experimental study on pumice and obsidian: 
Bull. Voleanol., 2d ser., v. 29, p. 559-571. 


Pr mo mcs umiiipnis 


_ ae 
7 Heed 
by a 


ayer: f 
in. i Ge 


we 


D y 
Seas depois, os veg! erat oma ie as 
inh iging So eperontifeT' OOM Pr ‘ A Hen wy i ioeeaeee are ' rae md 

rr at Syme 6 veneer. vag, beat my. | bay Napa 


one ry: 

Rint, 

tean) io aallonaD. dtioM | 9 ie 

as, Separate aT ery SERENE fe. oer, My Oy. Uy, IND ity, tn Mite by : ? 

Stat Dekute: hintit PRS ig rt te a mena | RSs Ok wie Beenie stayes ete Qonah 
Withee mame! xelt te erswins? vigah BBE SM onda | SS set ar ed sii 
Lefhtin Ab Apceintigts Fired o WP celle ge! ig -° Wai, Map Viet te a erat! Wi cdoait a 

A pal wkd Wee nia AIR chins é rs > te gah arty Abeer. ptt <0 vite ay wet 


Hal.’ +. Ghee fi.» Arty ata Hy Dak writs a a ee Marie “e ¥ 
a 1 eee x 
~ malay on Jey! Mue.. chest alaaqi nd 4 ee one ont sporti pi 
waettihas SRA G2. et. ee eer Ane mtd aetyidlis se 
ry BOR), cnbeee! ies anieaamal) AO. vm gree tein? seni ere, Be) Hi fied notice tides Mtg 
Breaky sorties wie ye ca ben Be ei pda Sey | Nigh winy ’ ca La hae ee, 
mY sapiens) Hive loranit Lor MMe Toe, otha} | 


‘ ube ¥ 0nd ede ok: wars Yaesu Ufjerinty Dabok a 
Laney tee deh asin ‘A, kilt, ana wee, * ee iy oe) ae bina farniiiee Sart 4 


a aeard, WAC hall eon pe rela). omigzeae), at owls a“ | . ents 
arc, Wc, va , ABE VES bi, i nib bSededibeciye ay a oe Deere 
ial MILLAPY vtkarelien ier seseyia! ee at ee ae PONG T vee YO a 


7 4 es dass i$ grrr fh Tatts: oy lalla ; 
noha ipvinn) Soe 4. pe eg RIEL ee UGE ANN AA ey fk VOY a shea 
ous aoe as ot +"pamenaiee ONS S Meese Neg, mba) 264 [pe MF ioencre) & 
rey Pomp aa." , 1 of ITE 10 eer | COON iatiarbadiy™ arecidtuect! 4 md 
hos ee nt a a ae nner ae Speer ate meet en ‘nabon. ling Mi 
" . y pay) 1 hee ¥F-OTA ay) lon, OR 
ne myth least} hydepcictase hura’a “dee SUP ty wage ae gh, Cae amen een ys + aaa es ' 
f ot AT fb oa Pe ait 4 | ills acre {Aether runes € “ 
sient ok a O87 Sth). ..cormatrorth aids ol i a! aN : ; set 4 ery ry a 
tate Mf. *> sew he etd bas Che “0 hw {¢sadbklbee oa Cate mene idoshiches bbs @ ‘ 
ware Ai eote! a Wilts Fries tils * / é ne ss iui _ i vbaty Hy 


> peti | gee tae weg 4 aided Say! ny ay 


i. iar wen: & yee a? orkeel ey ye: 
ei ee v trict » os Rick 14 (. eT gute Te ebay | VoP Me se aga! 
“whi foe PAM) poe hel ernigee st oat it? mm oe we hen sti: 
@ac nag 4 d 2 a el , a ati 
bese, ‘ \ ’ : | 
7 Ors +; ra ‘ 
ho ae. ; a 


w> — 
." , ‘ ; 
T i 
: é 
=. 
i" en ' i “ a A 
aa is ' ‘ " f “4 és i] Vv 4 vs. i Un 
— a ‘ 
7 mn ¥ Vir, 
fn ; # re j : vice wa . * 
is 
ea ae F : 
ed ‘ 
- ? F a 
~ ' ‘ ties F ait 
F 
iy a it j Nia 1. TR ¢ 
’ y 
‘ War’ P 
vie 4 me 
4 ’ ‘ ‘ it i 
‘ « ; ; 
, Te { y, 
it , \ " 
4 
DP aaa 4, 
Pat - 4 
¥ i. i Vi ; 
: Awel si Sa 
t= 
‘ \ wAak Aw 
wes, - 
4X. Men SE ea 
ay tei 
. al e Load 
ne ; 
; = \ Ly ales a ot 
yi , by , 4 pM . 
bens 2: 
> ‘ , LS, ga 4 Te 
> ‘ 
‘ y 4 
; ’ L | Ay Afiveada p4 


UNITED STATES MINERAL RESOURCES 


LIMESTONE AND DOLOMITE 


By Harowp A. Hupparp and GrorcE E. ERICKSEN 


CONTENTS 
Page 
Abstract of conclusions __.-_-___---_---_-__-__-__ 357 
Hiitroductionw: 242-2 sue A aees et Pie Al |e 857 
MEL Ni GIONS |e ree See ees ee ee Pes Ne See Sh ne 358 
Production, uses, and desirable properties _____-___- 358 
Constructionestonemee esas ae ee eae 359 
iportlandycement pees 2 S525 2 ery er ee 359 
IM big)" GaSe See ee 360 
HANTS) ee SS ee 360 
Refractory dolomite ------------------------- 360 
Agricultural limestone ---------_--_--___-____ 360 
Others ses Pane ee 360 
Geologic environments -_-__-__-__-__-__-__-______ 360 
DiStributionyand, resources) see see ae en ere 361 
Problems tor research. 252 sesso—- oe) ie eae 363 
Selectedtreferences 5 28 _ Shiver. eWintae 2 alts 363 
FIGURE 
Page 
43. Graph showing production and use of limestone 
and dolomite in the United States, 1950-69__ 359 
TABLES 
Page 


69. Principal sources and some potential sources of 
high-calcium limestone in the United States_ 362 

70. Principal sources and some potential sources of 
high-purity dolomite in the United States __- 363 


ABSTRACT OF CONCLUSIONS 


Limestone and dolomite are at or near the earth’s surface 
over at least 10 percent of the continental areas, and the 
resources are extremely large. However, high-purity stone 
suitable for chemical and metallurgical use is restricted in 
extent, but its resources are large, also. For uses in which 
physical properties of the rock are important, as in con- 
struction, many kinds of rock can be substituted for lime- 


stone and dolomite. For uses in which the chemical proper- 
ties are important, substitutes are few, generally scarce, 
and more costly. Because limestone and dolomite are abun- 
dant, the price at the mine is low, and shipping costs con- 
stitute a major part of the price to the consumer, About 
two-thirds of the limestone and dolomite mined in the 
United States is used because of its physical properties, 
chiefly in construction as aggregate and fill and for re- 
lated purposes, but a small amount is also used as an in- 
dustrial filler. The remainder is used because of its chemical 
properties as a raw material in the production of portland 
cement, lime, alkali, calcium carbide, and glass; for flux in 
metallurgy; for agricultural purposes; and for a large 
number of minor purposes. 

The largest resources of high-purity limestone and dolo- 
mite in the United States are in the central and eastern 
parts of the country, but details of the distribution of such 
stone are incompletely known. Consequently, some potentially 
valuable deposits are endangered by urban spread and by 
zoning regulations that restrict or prevent quarrying in 
populous areas. 


INTRODUCTION 


Limestone and dolomite, commonly referred to as 
carbonate rocks, are among the world’s most widely 
used mineral commodities and are essential to mod- 
ern industrial society. Huge quantities of these rocks 
are consumed annually in construction, in agricul- 
ture, and by the chemical and metallurgical indus- 
tries. The total value of limestone and dolomite ex- 
tracted annually is exceeded by that of only a few 
mineral commodities—sand and gravel, petroleum, 
and coal. Limestone and dolomite used for their 
physical properties, chiefly for construction pur- 
poses, occur in extremely large quantities on all the 
continents and constitute at least 10 percent of the 
near-surface rock of the continents. Large quanti- 
ties of limestone are used in the manufacture of 
cement; the rock suitable for this purpose may be 
rather impure but is widespread and abundant, 
though less so than the limestone used in construc- 
tion. High-calcium limestone and high-purity dolo- 
mite, which are needed for chemical and metallurgi- 
cal purposes, are much less widespread and abun- 
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dant. Resources of these rocks are restricted to small 
parts of the continents. This chapter emphasizes 
limestone and dolomite that are used for their 
chemical properties; uses for construction are de- 
scribed in the chapter “Construction Stone.” Mag- 
nesite, another carbonate rock, consists of the min- 
eral magnesite, MgCO;, and is used mostly as a 
refractory material. Magnesite is discussed in the 
chapter ‘“Magnesian Refractories.” 

Distribution, characteristics, and uses of limestone 
and dolomite are discussed in many reports. The 
U.S. Bureau of Mines ‘Minerals Yearbooks” and 
“Mineral Facts and Problems” give information 
about production and use. Recent data about chem- 
istry and technology are discussed in ‘Mineral Facts 
and Problems” (U.S. Bureau of Mines, 1970) and by 
Boynton (1967). New information about depositional 
environments and origin of limestone and dolomite— 
the result of intensive investigations during the 
last 20 years—aids the search for high-purity lime- 
stone and dolomite. Among recent reports giving 
such information are those in the symposia edited 
by Chilingar, Bissell, and Fairbridge (1967a), Fried- 
man (1969), and Pray and Murray (1965). Summary 
information about the distribution of limestone and 
dolomite in the United States was presented by Gill- 
son (1960, p. 148-183). Ericksen and Cox (1968) 
discussed distribution of carbonate rocks in the 
Appalachian region. 


DEFINITIONS 


Limestone and dolomite are rocks composed, re- 
spectively, of the minerals calcite, CaCO;, and dolo- 
mite, CaMg(CO;).2; however, both limestone and 
dolomite commonly are called limestone by the in- 
dustry, and intermediate varieties are not dis- 
tinguished. Some newly deposited limestone consists 
chiefly of the mineral aragonite, which has the same 
composition as calcite but a different crystal struc- 
ture. The aragonite structure is unstable, and with 
time aragonite gradually changes to calcite. Com- 
monly, both calcite and dolomite occur in the same 
rock, but generally one predominates in any one 
layer or stratigraphic unit. A complete gradation 
between limestone and dolomite is uncommon. 

The value and use of carbonate rocks are deter- 
mined by their composition. High-calcium limestone 
and high-purity dolomite have a great variety of 
uses in the chemical and metallurgical industries 
and are by far the most valuable of these rocks. 
High-calcium limestone is defined here as consisting 
of at least 97 percent CaCO; by weight, but many 
writers use 95 percent as a defining limit (Ericksen 
and Cox, 1968, p. 227). High-purity dolomite has at 
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least 87.5 percent CaMg(CO;). (40 percent MgCO;). 
Pure dolomite, CaMg(CO;)2, consists of 45.7 percent 
MgCoO; by weight. Cement limestone may contain a 
considerable amount of clastic impurities if they are 
relatively uniformly distributed throughout the rock 
and provides the alumina and silica needed for port- 
land cement. Cement limestone must contain less 
than 6.5 percent dolomite because raw materials for 
portland cement cannot contain more than 3 percent 
MgCoO,; the specifications for portland cement per- 
mit no more than 5 percent MgO. During the manu- 
facture of cement, CO. is lost from CaMg(CO;)., 
causing relative enrichment of the magnesium in 
the finished product (Boynton, 1957, p. 98). 

Carbonate rocks containing more than 25 percent 
fine clastic material are unsuitable for any use ex- 
cept as fill for construction. Chert in crushed stone 
to be used as concrete aggregate is undesirable 
because the chert may react with the cement, and 
the resulting chemical compounds might weaken the 
concrete and cause spalling. 


PRODUCTION, USES, AND DESIRABLE 
PROPERTIES 


The present consumption of limestone is immense; 
more than 628 million tons of limestone and dolo- 
mite was used in the United States in 1969 (fig. 43). 
Although essential to industry, limestone and dolo- 
mite are among the cheapest of the mineral com- 
modities—the average price of crushed limestone 
and dolomite at domestic quarries was $1.46 per ton 
in 1969. Commonly, a user pays more for shipping 
the limestone than for the rock itself. For example, 
the M. W. Kellogg Co. (1972, p. 18) reported the 
following freight rates for crushed stone in the 
United States, expressed in cents per ton-mile: 
truck, 5-10 (at 10 miles) to 2-5 (at 100 miles) ; 
rail, 4.5-6 (at 10 miles) to 0.75-1.5 (at 250 miles) ; 
and water (barge or ship), 0.9-1.5 (at 20 miles) to 
0.25-0.50 (at 500 miles). Because of shipping costs, 
limestone of relatively poor quality may be used in 
preference to better quality limestone that must be 
shipped in from a greater distance. For example, the 
Vanport Limestone is mined in western Pennsyl- 
vania, eastern Ohio, and northern West Virginia 
for use in nearby steel plants, even though it con- 
tains only 90-95 percent CaCO; instead of the 95 
percent or more CaCO; usually required for flux. 

Most limestone and dolomite is produced from 
open pits or quarries ranging from tens to a few 
hundreds of feet in depth. Relatively small amounts 
of stone, chiefly high-purity material, are produced 
from room-and-pillar underground mines, most of 
which are less than 500 feet deep. Open-pit mining 
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and crushing and screening of rock are noisy and 
dusty operations and, hence, are commonly curtailed 
or banned in populous areas. 


CONSTRUCTION STONE 

Nearly two-thirds of all limestone produced in 
the United States in 1969 was used in construction, 
chiefly as aggregate, fill, and road metal. The stone 
for these purposes must be clean, hard, strong, and 
free of soft or friable material; it should break into 
irregular but nearly equidimensional fragments; 
road metal should also be resistant to abrasion and 
have low porosity. Concrete aggregates should be 


low in reactive materials such as alkalis, soluble 
sulfides, and certain types of silica, particularly 
chert, that weaken concrete or even cause it to dis- 
integrate. Many rocks are interchangeable with 
limestone for construction purposes. 


PORTLAND CEMENT 
Portland cement manufacture consumed about 15 
percent of limestone production in the United States 
in 1969. Portland cement is a complex mixture of 
calcium silicate, calcium aluminate, and calcium 
aluminoferrite made by fusing a finely ground mix- 
ture of limestone and aluminous and siliceous ma- 
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terials, such as shale and silica sand (Ericksen and 
Thomson, 1968, p. 165). Suitable limestone contains 
as much as 25 percent clay and sand, generally not 
more than 6.5 percent dolomite, less than 0.5 percent 
phosphorous pentoxide, and only very small amounts 
of sulfur. In the Chicago, Pittsburgh, and Birming- 
ham steel-producing areas, blast-furnace slag is 
used for making cement; on the Gulf Coast and in 
California, large deposits of sea shells are used as 
the source of CaCO;. Cement made with slag and 
shells, however, accounts for only a small part of 
the total production. 


FLUXES 

Flux for blast and open-hearth furnaces consumed 
about 5 percent of carbonate rocks produced in the 
United States in 1969. During smelting, the mag- 
nesia (MgO) and lime (CaO) of these rocks combine 
with impurities, such as silica and alumina, to form 
a liquid slag that separates from the molten metal. 
About half the limestone used for flux comes from 
Michigan, and about 20 percent from Ohio, and 20 
percent from Pennsylvania (U.S. Bur. Mines, 1953— 
1971, Minerals Yearbooks for 1950 to 1969). Lime- 
stone suitable for blast-furnace flux ranges from 
high-calcium limestone to calcareous dolomite con- 
taining as much as 31 percent MgCO; and not more 
than 5 percent silica, 2 percent Al.O;, and 0.05 per- 
cent sulfur (Dever and McGrain, 1969, table 22). 
It should contain at least 95 percent total carbonate; 
however, where the transportation cost of such stone 
is high, lower grade stone may be used. Limestone 
for open-hearth furnaces should contain at least 97 
percent CaCO:;, less than 3 percent silica, less than 
1.5 percent Al.O;, and low sulfur. Limestone suit- 
able for fluxing nonferrous metals is similar to 
high-calcium limestone suitable for blast-furnace 
flux. 

LIME 

Lime manufacture consumed about 5 percent of 
the limestone produced in the United States in 1969. 
Lime is calcium oxide or calcium and magnesium 
oxide made by calcining (heating) limestone or dolo- 
mite to drive off the carbon dioxide. About one- 
third of the manufactured lime is used in metallurgy 
for smelting and for concentration or beneficiation 
of metalliferous ores, another third is used by the 
chemical industry, and the remainder is used in 
many ways, principally for water softening, pulp 
and paper manufacture, sugar manufacture, and 
sewage and waste treatment. Limestone suitable 
for high-calcium lime contains at least 97 percent 
CaCO;. Low-magnesium lime contains 6-40 percent 
MgCoO:, whereas high-magnesium lime contains more 
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than 40 percent MgCO;; both types should have less 
than 3 percent noncarbonate impurities. 


REFRACTORY DOLOMITE 

Dead-burned or refractory dolomite, a fairly 
stable lime made by calcining dolomite at especially 
high temperature, used about one-half a percent of 
the carbonate rocks produced in 1969 in the United 
States. It is used chiefly for lining and patching of 
linings of open-hearth steel furnaces. Dolomite for 
this purpose should contain more than 37.5 percent 
MgCO,; and at least 97 percent total carbonate 
minerals. 

AGRICULTURAL LIMESTONE 

Agricultural limestone consumed about 4 percent 
of the limestone produced in the United States in 
1969. Agricultural limestone must have a calcium 
carbonate equivalent value of 80 or more. Pure lime- 
stone has a value of 100 and pure dolomite 108.6. 
(Dolomite has a larger value because magnesium is 
lighter than calcium.) 


OTHER USES 

About 8 percent of the limestone produced in the 
United States in 1969 had a wide variety of uses, 
each too small to be shown in figure 43. Among 
these are for alkali works, about 0.5 percent; glass 
manufacture, about 0.15 percent; and limestone 
sand, about 1.5 percent. Some other uses were not 
tabulated by the U.S. Bureau of Mines in 1969 but 
in past years have consumed comparable amounts of 
limestone. These include the manufacture of cal- 
cium carbide, beet sugar, pulp and paper, and in- 
dustrial filler (whiting), and uses as pulverized lime- 
stone or dust that is applied to walls, roofs, and 
floors of coal mines to prevent or check coal-dust 
explosions, and as filter beds for water purification. 
The requirements for these uses vary, but, in gen- 
eral, limestone with a CaCO; content of at least 97 
percent is required. 

Limestone and dolomite probably will continue to 
be consumed in increasing quantities in the future 
and undoubtedly, new uses, particularly for high- 
purity stone, will become important. 


GEOLOGIC ENVIRONMENTS 


Limestone and dolomite form in a variety of en- 
vironments, but they generally accumulate in warm 
shallow marine water. High-calcium limestone 
forms in those areas of free circulation with the 
open sea that are free of clastic sediments from 
nearby streams. Dolomite, however, is chiefly a rock 
of secondary origin, formed during diagenesis of 
limestone by partial replacement of CaCO; with 
MgCO, to form the mineral dolomite. 


LIMESTONE AND DOLOMITE 


Most limestone is a lithified mixture of detrital 
grains and lime mud. The grains include whole and 
broken fossils, pellets of mud, and oolites composed 
of concentric layers of calcite precipitated around 
a nucleus. A complete gradation occurs between 
limestone composed entirely of grains and limestone 
composed entirely of limy mud. The mud is com- 
posed of chemically precipitated calcite and arago- 
nite and tiny calcareous fragments from organisms. 
The carbonate sediments respond to marine currents 
as do land-derived noncarbonate sediments, and 
some limestone layers ‘are finely laminated and show 
graded bedding or even crossbedding. 


Reef limestone is ‘formed in place as rigid frame- 


works build up by colonial organisms, such as corals, 
bryozoa, and algae. Organic reefs form only under 


ideal conditions of clear shallow marine water, warm 
temperatures, and abundant food supply. Large reefs 
can form only where the water depth slowly in- 
creases. Detrital materials, including fragments 
eroded from the reef by wave action and shells of 
noncolonial organisms, accumulate around the reef 
and commonly make up a much greater volume than 
the rigid reef rock. 


Dolomite forms in some places where sea water 
evaporates and also forms indirectly as a partial 
replacement of calcite in limestone by magnesium 
from calcium-depleted brines of evaporated sea 
water percolating through limestone. Today, dolo- 
mite forms on broad, nearly level flats just above 
the level of high tide. These flats are intermittently 
flooded by sea water, during either spring tides or 
storms, and some of the water remains on the flats 
after the flooding. The water collects in small de- 
pressions where evaporation takes place, and vari- 
ous minerals may precipitate as the brine becomes 
more saline. Gypsum (CaSO,-2H.0), the first min- 
eral to precipitate, depletes the brine in calcium, 
causing a change in the ratio of magnesium to cal- 
cium from 5:1 in normal sea water to as much as 
50:1. Dolomite forms by reaction of the magnesium- 
enriched brines with formerly deposited calcite and 
aragonite. Seasonal rainfalls may bring about a con- 
centration or purification of the dolomite by dissolv- 
ing impurities deposited by the brine; for example, 
gypsum, which is more soluble than dolomite, is 
thus preferentially dissolved and returned to the 
ocean. Dolomite also occurs in some evaporite se- 
quences that were deposited in broad shallow seas 
of nearly stagnant or very slowly circulating water 
in an arid climate. In such shallow seas a salinity 
gradient developed, whereby the salinity increased 
as the distance from the open ocean increased. 
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Limestone and dolomite occur in most parts of 
the world and have formed throughout geologic 
time, but they are notably more abundant in rocks 
formed after shell-secreting organisms ‘became 
abundant about 500 million years ‘ago. Limestone 
and dolomite formations are widespread in the 
United States, and nearly every State has deposits 
adequate for construction and other uses that do 
not require chemically pure stone. High-calcium 
limestone and high-purity dolomite make up only a 
small fraction of all limestone and dolomite forma- 
tions, and they occur ‘in ‘restricted areas. But even 
so, some high-purity carbonate formations are wide- 
Spread, occurring in minable thicknesses nearly con- 
tinuously over areas of many hundreds or even 
thousands of square miles. Although these nearly 
pure rocks are far less widely distributed than im- 
pure carbonate rocks, the resources are large and 
are sufficient to supply the growing needs of the 
Nation for hundreds or even thousands of years at 
anticipated rates of consumption. 

The most extensive stratigraphic units of lime- 
stone and dolomite of the United States were de- 
posited in the Paleozoic Era, when North America 
was extensively covered by shallow seas. Carbonate 
rocks make up a significant part of the thickness of 
the Paleozoic sedimentary sequence. Exploitable 
limestone and dolomite formations occur most ex- 
tensively in the slightly deformed rocks of the mid- 
continent—especially in Kentucky, Tennessee, Mis- 
souri, and the States adjacent to the Great Lakes. 
Formations exposed in the folded and faulted parts 
of Appalachian and Rocky Mountains tend to be 
linear bands parallel to regional geologic structure 
and, thus, are more restricted in area. However, 
some parts of these mountainous areas, as in the 
Appalachian Plateaus and the plateau regions of 
the Western United States, are relatively unde- 
formed and the nearly flat-lying units are at min- 
able depths over wide areas. 

Only a few formations will ultimately be the 
principal sources of high-calcium limestone and 
high-purity dolomite. The greatest quantities of 
high-calcium limestone occur in widely distributed 
formations of Mississippian age (table 69), whereas 
the greatest quantities of high-purity dolomite oc- 
cur in formations of Ordovician and Silurian ages 
(table 70). Smaller deposits of high-quality lime- 
stone and dolomite occur in formations of other 
ages, and many formations that are chiefly impure 
rock locally contain minable deposits of high-purity 
limestone or dolomite. Some Ordovician formations 
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TABLE 69.—Principal sources and some potential sources of high-calcium limestone in the United States 


Principal areas of occurrence of 


Geologic age Stratigraphic unit high-calcium limestone 
Eastern and Central United States 
Tertiary) 28s Sone eee Ocala Limestone __--------- Northwestern peninsula, Florida. 
Pennsylvanian soos ee ee Vanport Limestone (also Western Pennsylvania, northern West 
a member of the Virginia, eastern Ohio. 
Alleghany Formation). 
Mississippian ------------- Greenbrier Limestone ~__--_ Noresn West Virginia, southwestern 
irginia. 
Bangor Limestone --------- Northern Alabama, northern Georgia. 
Maxville Limestone ------- Eastern Ohio. 


Ste. Genevieve Limestone -_Eastern Tennessee, northern Alabama, 
Kentucky, Indiana. 
Girkin Formation (former- Western Kentucky, northern Alabama. 
ly Gasper Formation). 


St. Louis Limestone ~_-____ Missouri, Illinois. 
Salem Limestone ~---_--_-- Southern Indiana. 
Warsaw Limestone -_-_----_ Southern Indiana, Kentucky, northern 
Alabama. 
Boone Formation ~_-_-_____ Northern Arkansas. 
Devoniany sees = sane enon Helderberg Group ------__- New York. 
Jeffersonville Limestone ___ Kentucky, southern Indiana. 
Traverse Formation, as Michigan, Indiana. 


used by Shaver and 
others (1970), or Group. 
Cedar Valley Limestone Southeastern Minnesota. 
as used by Thiel and 
Schwartz (1941). 


Rogers City Formation .... Northeastern Michigan. 
Dundee Formation ________ Do. 
Columbus Limestone ~_-__-_ North-central Ohio. 
Ordoviciang= = Holston Limestone ________ Eastern Tennessee, southwestern Virginia. 
New Market Limestone ____ Southwestern Virginia. 
Newala Limestone ~________ Northern Alabama. 
Valentine Member of Central Pennsylvania. 


Curtin Limestone of 
Kay (1948). 


Annville Limestone ~_.__-__ Southeastern Pennsylvania. 
Trenton Limestone __-_____ New York. 
Galena Dolomite and Minnesota, Illinois, Wisconsin. 
Platteville Limestone. 
Cambriang = eae Tomstown Formation ______ Panhandle of West Virginia. 
Western United States 
Quaternary ShellSbedsi7 en es Southern California coast and Texas coast. 
Hertiaryis 22 SR ee ee Sierra Blanca Limestone ___Southwestern California. 
Vaqueros Formation _______ Do. 
Martinez Formation __-____ Do. 
@retaceous! 2222". _ Mena Mural Limestone __-_______ Southeastern Arizona. 
Edwards Limestone ________ Central and western Texas. 
Tertiary to Jurassic _______ Franciscan Formation and Coastal Range and California and south- 
metamorphic rocks of western Oregon. 


nearly equivalent age 
(limestone occurs as 
lenticular bodies). 


Jurassic?) yeas ae Limestone of Kings Southern Alaska. 
ee River area. 
Lriassic’ a. [2a see, SM Limestone of Snake Southwestern Idaho. 
ae ‘ River area. 
Triassic and Permian ______ Isolated limestone deposits__Northeastern Oregon. 
Permian s2— an een ees Ingleside Formation _______ North-central Colorado. 


Wells Formation. 


Carboniferous(?) —~_-_______ Oro Grande Formation ____Central southern California. 
Pennsylvanian or Limestone lenses in Southwestern Oregon. 
Mississippian. metasediments, 

IMississippianue =e Madison Group __----_---- Western parts of Montana, Wyoming, and 
Colorado; southeastern Idaho, and north- 
eastern Utah. 

Escabrosa Limestone ______ Southeastern Arizona. 
¥ Redwall Limestone ________ Northern Arizona, 
Devonian (==. Si a 92 Crystal Pass Limestone Southern Nevada. 
Member of the Sultan 
ae) Limestone. 
Siluriang 2eesssar sees! St. Clair Limestone ______-_- Central and eastern Oklahoma. 
Heceta Limestone _________ Southeastern Alaska. 

Ordoviciant—=—= Fernvale Limestone _______ Central and eastern Oklahoma. 

Cambriany 222-2 se ee nse ee Meagher Limestone ________ Western Montana. 

Paleozoic (undiffer- Limestone of Pico Blanco.__Southern coast of California. 


entiated). 
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TABLE 70.—Principal sources and some potential sources of high-purity dolomite in the United States 


Geologic age 


Stratigraphic unit 


Principal areas of occurrence of 
high-purity dolomite 


Eastern and Central United States 


Sea Southeastern Indiana. 


Devonian, 222-22. 2eees es Geneva Dolomite _____ 
Silurian’. 222% 222223. S252 Niagara Group, Lime- Wisconsin, Illinois, Michigan, Indiana, 
stone, or Dolomite. Ohio, Pennsylvania, New York. 
Ordovician Galena Dolomite _____-_--- Northern Illinois. 
Cambrianye sees ee Tomstown Formation __---- Western Maryland, western Virginia, and 
eastern panhandle of West Virginia. 
Shady Dolomite ______-__-__ Eastern Tennessee, southwestern Virginia. 
Ketona Dolomite _____-__-- Northern Alabama. 
Western United States 
Mississippian ------------- Monte Cristo Dolomite or Southern Nevada. 
Limestone. 
Devonianpa=s2sse ees = see Water Canyon Formation -_Northern Utah. 
Silurian’ soe sss seo oo oe Laketown Dolomite __------ Southeastern Idaho, northern Utah. 
Fusselman Dolomite ______- South-central and western New Mexico. 
Ordovician __--_-.--------- Bighorn Dolomite or Western Wyoming. 
Limestone. 
Fish Haven Dolomite _____- Northern Utah. 
Gambrian). 222-==.=2==s=-=5 Hasmark Formation or Western Montana. 


Dolomite. 


Royer Dolomite ~_-__-_ 


ae Southern Oklahoma. 


contain deposits having exceptionally high calcite 
content—the Holston Limestone of eastern Tennes- 
see, the Valentine Member of the Curtin Formation 
of central Pennsylvania (one of the purest lime- 
stones in the United States), and the New Market 
Limestone of western and southwestern Virginia. 
In the eastern panhandle of West Virginia, the 
Tomstown Formation contains units of high-calcium 
limestone and high-purity dolomite, both of which 
are intensively exploited. The chief source of high- 
purity dolomite in the United States is the Niagara 
Group (table 70) in western Ohio. 


PROBLEMS FOR RESEARCH 


Although the United States is self-sufficient in 
limestone and dolomite and reserves of these rocks 
are immense, the reserves of chemically pure lime- 
stone and dolomite are limited and decreasing be- 
cause some deposits are being mined out, users con- 
tinue to make more stringent specifications, land 
underlain by high-purity carbonate rocks is being 
preempted for other uses, and zoning regulations 
restrict or prevent quarry operations in populous 
areas. The cost of high-calcium limestone will in- 
crease as thick, near-surface layers close to the in- 
dustrial centers are mined out. Future production 
increasingly will depend on selective mining of rela- 
tively thin layers of limestone, underground mining, 
and mining from deposits distant from industrial 
centers. High-calcium limestone resources are more 
endangered by urban spread than almost any other 
mineral resource, except perhaps for sand and 
gravel, and the need to identify and protect areas 
of high-calcium limestone for future use is pressing. 

Future supply of high-purity dolomite in the 


United States is less of a problem than that of 
high-calcium limestone because far less high-purity 
dolomite is required by industry. Furthermore, im- 
mense resources of high-purity dolomite occur in 
the Great Lakes region, near eastern industrial cen- 
ters where most dolomite is used. The extensive 
high-purity dolomite of the Niagara Group (table 
70) is an example. Resources of high-purity dolo- 
mite in the United States should be adequate for 
thousands of years. Shipping costs will continue to 
be a major factor in the future sources of supply 
of high-purity limestone and dolomite, particularly 
in the Western United States. These costs will rise 
as more distant sources are exploited, which prob- 
ably will bring about the use of less pure stone 
nearer the user. 

Although much general information about po- 
tential resources and distribution of chemically pure 
limestone and dolomite in the United States is avail- 
able, detailed information about the chemistry and 
the distribution of high-quality stone in most forma- 
tions is relatively sparse. Systematic study of these 
formations should be undertaken to identify favor- 
able areas that can be protected from urban spread 
and thus assure an adequate supply of inexpensive 
stone in the future. 
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THE RARE ALKALI METALS 
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ABSTRACT OF CONCLUSIONS 


Lithium, cesium, and rubidium, though rare in comparison 
with sodium and potassium, are abundant relative to the ap- 
parent commercial need for them. Lithium and cesium both 
form independent minerals in pegmatites. Lithium produc- 
tion from brines has increased so greatly in recent years 
that it has taken much of the market away from pegmatitic 
lithium. Rubidium forms no known independent minerals but 
exists chiefly as a substitute for potassium, especially in 
minerals formed late in the crystallization of pegmatites. 
Most commercial rubidium and some cesium have been ob- 
tained as byproducts of processing lepidolite. 

The world’s proved and probable reserves of lithium, most 
of which are in the United States, are 1,200,000 tons, or 
about 400 times the 1970 consumption. Additional resources 
in known lithium regions are about 10 million tons, and 
even this large figure probably could be increased many 
times by intensive search throughout the world. 

World cesium reserves are 100,000 tons, which also is 
vastly greater than consumption and probably much less 
than could be found if needed. For rubidium, meaningful 
resource estimates cannot be made, but surely the supply ob- 
tainable at current prices is plentiful. 

To prepare for new uses frequently proposed, especially 
uses of lithium, knowledge of the geology of rocks and 
waters that are enriched in rare alkalis should be increased. 


INTRODUCTION 


The alkali metals include, in addition to the abun- 
dant elements sodium and potassium, four much 
rarer members—lithium, cesium, rubidium, and 
francium. Lithium, atomic number 3, has been mined 
and used since the latter part of the 19th century, 
and by the 1950’s it had become the basis for an 
industry of moderate size. Cesium and rubidium, 
atomic numbers 55 and 387, respectively, have never 
been used in quantities of more than a few thousand 
pounds per year, virtually all of which is a byproduct 
from lithium mining. Cesium in the mineral pollu- 
cite does occur in deposits that would be minable 
for cesium alone if the market were larger, though 
even in these deposits cesium is a byproduct in the 
sense that it is generally found during exploration 
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or mining for lithium minerals. Rubidium is not 
known to form any minerals of its own and occurs 
only as a minor constituent in minerals of other 
kinds, especially potassium minerals, and thus ap- 
pears destined to continue as a byproduct. Francium, 
atomic number 87, is virtually nonexistent and may 
be disregarded in any discussion of mineral re- 
sources. 

The phrase “rare alkalis” is to some degree mis- 
leading. The known quantities of lithium and cesium, 
and probably also rubidium, obtainable under eco- 
nomic conditions resembling those of the present or 
the recent past are far greater than the amounts 
needed for current use or even for any but the most 
fanciful uses predicted for coming decades. New dis- 
coveries have often made supplies available to the 
market long before a demand for the supplies ma- 
terialized. Publicity about these discoveries, which 
too frequently magnifies evidence that uses of these 
commodities will increase, tends to put the merit of 
even good deposits in question when after some years 
they have still not been mined, for the fact that the 
shortcoming lies not in the supply but in the de- 
mand may go unrecognized. The adequacy of lithium 
reserves to support new uses has been questioned 
even in recent years. Yet it was known two decades 
ago, and has been stated in the published record 
since at least 1955, that lithium reserves are enor- 
mous and that large additional reserves could almost 
certainly be discovered, as in fact they have been 
in the intervening years. 

The geologic distribution of lithium, cesium, and 
rubidium is in many respects parallel to the distri- 
bution of the common alkali metals sodium and po- 
tassium, which is expectable from their chemical 
similarities. All the principal lithium minerals, as 
well as the cesium mineral pollucite, are obtained 
from granitic pegmatite, which is a generally coarse- 
grained rock consisting chiefly of sodic and potassic 
feldspars, quartz, and muscovite. Most of the ru- 
bidium and some cesium used commercially have 
been extracted from residues of the processing of 
lepidolite, a lithium-rich mica of pegmatite. Lithium 
from brines, which have long been a modest source, 
has in recent years come to dominate the market. 

Crustal-abundance estimates in table 71 show 


TABLE 71.—Crustal abundance, in parts per million, of rare 
alkali metals 


[Data from Heier and Billings (1970) ] 


Rubidium Lithium Cesium 
Upper continental crust __________ 110 20 ? 
Lower continental crust ~_________ 15 10 ? 
Continental) crust, ~5===——23 22 s2 555 48 13 3 
Oceanicicrust) an nee ee 2.5 10 1 
Crustpye sre Sess See Se 37 12 ? 
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rubidium as the most common of the rare alkalis, 
lithium as a distant second, and cesium as very 
meager. The abundance of rubidium may surprise 
those whose chief acquaintance with rare alkalis is 
through knowledge of industry patterns or aware- 
ness of the absence of deposits comparable to those 
of lithium and cesium. Rubidium seems to substitute 
so readily for potassium in minerals that it is never 
greatly concentrated in nature, whereas lithium and 
cesium are less able to proxy for other elements and 
thus must under some conditions form independent 
minerals. Granitic rocks are the predominant host 
of all the rare alkalis. During weathering and sedi- 
mentation, rubidium and lithium, and probably 
cesium as well, are for the most part dispersed in 
clays. All deposits that have been economic sources 
of rare alkalis formed either in the pegmatite phase 
of granitic activity or through the development of 
unusual varieties of brine. 


LITHIUM 


Lithium is by far the most economically important 
of the rare alkalis, and for this reason it will be 
discussed first and at greatest length. 

Most users of lithium products purchase lithium 
in the form of manufactured chemical compounds, 
of which the most common are the carbonate, hy- 
droxide, bromide, chloride, hypochlorite, and stear- 
ate, and butyl lithium. Lithium metal and alloys are 
also produced. Lepidolite and petalite and lesser 
quantities of other lithium minerals go directly into 
some kinds of glass and ceramics. Additional uses 
of lithium products are in grease, in the manufac- 
turing of air-conditioning systems and alkaline stor- 
age batteries, in fluxes for welding and brazing, and 
in metallurgy. 

Two of the more frequently mentioned potential 
uses for lithium could someday cause a very great 
increase in demand. One is for anodes and as a 
constituent of the electrolyte in storage batteries to 
power electric automobiles. The other is as an 
energy source, to breed tritium for fusion reactions. 

The United States is generally self sufficient in 
lithium and will remain so under any likely future 
circumstances. The only shortage is in lepidolite and 
petalite for glass and ceramics, and substitution may 
be practicable for some of these uses. Unfortunately, 
domestic production figures have not been published 
for many years, and few export figures are avail- 
able; thus, it is impossible to calculate relationships 
among production, consumption, imports, and ex- 
ports. 

Lithium was obtained chiefly from pegmatites 
throughout most of the history of the industry, 
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though after 1938 a sizable supply came from brine 
at Searles Lake, Calif. In 1966, however, production 
started from brine at Silver Peak, Nev., and this 
deposit seems to have become the world’s largest 
source of lithium. Certain clays are also known to be 
enriched in lithium, but no attempt has ever been 
made to mine them. 


LITHIUM DEPOSITS IN PEGMATITES 
GEOLOGY 

Pegmatites containing lithium minerals can be 
divided into two categories: (1) deposits of spodu- 
mene in which there is so little change in the com- 
position or texture of the rock from one place to 
another that it can be said to be virtually homoge- 
neous; and (2) deposits of spodumene or other 
lithium minerals that are segregated into a series 
of zones of different composition or texture, in places 
accompanied by replacement bodies and fracture- 
filling units. 

The Foote Mineral Co.’s deposit at Kings Moun- 
tain, N. C., stands out as the best example of a 
homogeneous lithium-rich pegmatite. Kesler (1961) 
showed that the mineral content, in weight percent, 
is: spodumene, 20 percent; quartz, 32 percent; albite, 
27 percent; microcline, 14 percent; muscovite, 6 
percent; and other minerals, 1 percent. Crystals of 
spodumene and microcline are as much as 3 feet 
long, but most are less than 1 foot long. The other 
minerals are all finer grained. The deposit consists 
of many irregularly shaped, interfingering bodies, 
some large and some small; yet, the only noticeable 
inhomogeneity is the absence of spodumene and 
microcline within a few inches of some contacts, 
where a narrow wall zone consists of quartz, albite, 
and muscovite. 

Many spodumene-rich pegmatites have a more 
conspicuous wall zone of this same kind and are 
assigned to the zoned category, though actually they 
may differ only slightly from the homogeneous peg- 
matites. The Beecher No. 2 pegmatite in the Black 
Hills, S. Dak., has a well-defined wall zone barren 
of lithium minerals, but otherwise it resembles the 
homogeneous pegmatites at Kings Mountain in its 
composition and texture, and also in its structural 
irregularities. It is rightfully called a zoned pegma- 
tite, but it can be regarded as being gradational 
between the homogeneous pegmatites and the com- 
plexly zoned pegmatites. 

Some lithium pegmatites contain many zones, of 
which one or several may contain lithium minerals. 
The Bob Ingersoll No. 1 pegmatite in the Black 
Hills has been a major source of lepidolite from its 
innermost zone and contains amblygonite in another 
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zone; yet it carries no lithium minerals in the four 
remaining zones. On the other hand, the nearby 
Etta pegmatite contains spodumene throughout the 
three largest zones; only the narrow wall zone and 
the small quartz core are barren. 


MINERALOGY 
Spodumene is by far the most abundant lithium 
mineral of pegmatites. Other important minerals 
are lepidolite and petalite. Additional minerals from 
which lithium has been obtained are amblygonite 
and eucryptite. Table 72 shows the chemical formu- 
las and Li,O contents of these minerals. 


TABLE 72.—Composition, in weight percent, of lithium min- 
erals mined from pegmatites 


Maximum theore- LizO content 

Mineral Formula tical content of of commercial 

LizO concentrates 
Spodumene  -__LiAISi206 8.0 4 —7.5 
Lepidolite  ~~-_KLizA1]Sis010F 21 7.7 —4.5 
Petalite -_---_ LiAISisO10 4.9 8.6—4.72 
Amblygonite ~_LiAlPO:(F,OH) 10.2 -5-9.5 
Eucryptite —  LiAlSiO; 11.9 5.5-6.5 2 


1 Formula for polylithionite end member. Natural lepidolite has various 
proportions of muscovite molecule. 
2 For Bikita, Rhodesia (Cooper, D. G., 1964, p. 460) 


Spodumene is invariably accompanied by quartz, 
and, except in the inner zones of a few zoned peg- 
matites, it is also accompanied by feldspar. Ordi- 
narily spodumene constitutes between 20 and 25 
percent of the rock mined, whether in a homoge- 
neous pegmatite or in a zone of a zoned pegmatite. 
All deposits that have been successfully mined carry 
at least 1.0 percent Li,O. 

Lepidolite (lithium-rich mica) ranks as an im- 
portant source of lithium mainly because of its 
abundance at Bikita, Rhodesia, but it also has been 
mined at several other localities. It occurs mainly in 
the central part of zoned pegmatites, where its chief 
associates are albite and quartz. 

Petalite has been found in very few places, but 
where it does occur, it commonly is abundant. Vir- 
tually no petalite has been found in the United 
States. Descriptions of such foreign deposits as the 
one at Bikita, Rhodesia (Cooper, 1964), show that 
the petalite is mainly in intermediate zones of zoned 
pegmatites, where it is associated with quartz, feld- 
spar, and spodumene. Eucryptite is common as an 
alteration product of spodumene at Bikita, though 
very rare elsewhere. 

Amblygonite is widely distributed in pegmatites, 
but rarely if ever does it form as much as 10 percent 
of any sizable body of rock. It has been mined chiefly 
from very coarse grained parts of certain zoned peg- 
matites that yielded crystals large enough to be 
concentrated by hand. Its large lithium content made 
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it the favored source, and at times the dominant 
source, of lithium in early years of the industry, 
but in recent decades its share of the market has 
been small. 

Other lithium-bearing minerals in pegmatites are 
zinnwaldite and allied micas, triphylite-lithiophilite 
and similar phosphates, and bikitaite. None of these 
have been commercially important sources of lith- 
ium, nor are any likely to become important in the 
future. 


PETROGENESIS 


CRYSTALLIZATION OF LITHIUM-RICH PEGMATITE 


How lithium pegmatites crystallize has been 
greatly elucidated by the experimental work of 
Stewart (1960, 1968, and written communs.). The 
geochemical development of lithium pegmatites has 
the remarkable result that in deposits of spodumene, 
petalite, or lepidolite the grade is rarely much lower 
than 1.0 percent or much greater than 2.0 percent 
Li,O. Stewart has found that the system albite- 
quartz-spodumene-water has a thermal minimum 
(analogous to the well-known granite minimum) at 
a composition characteristic of homogeneous spodu- 
mene pegmatites and of feldspar-quartz-spodumene 
zones of zoned pegmatites. The magma may at the 
outset precipitate only quartz and feldspar, forming 
the spodumene-free units observed in the outermost 
parts of many spodumene pegmatites, but when the 
lithium concentration of the melt reaches that of 
the thermal minimum, a lithium mineral will begin 
to be precipitated. Ordinarily the lithium mineral 
will be spodumene, which crystallizes from the melt 
at low temperatures and high pressures. Under lower 
pressure (Ps, less than about 2,000 bars) the 
liquidus does not reach the low temperature of 
spodumene crystallization, and the higher tempera- 
ture mineral, petalite, must crystallize from the 
melt. Not uncommonly, as the solidified pegmatite 
becomes cooler, the petalite changes to spodumene 
plus quartz. 

As crystallization from the melt proceeds, the 
composition must remain feldspathic and have an 
Li,O content of no more than about 2 percent. Yet 
inner zones of some pegmatites are exceedingly 
quartzose, and a few inner units contain more than 
2 percent Li,O. Stewart discovered that the solids 
dissolved in the gas coexisting with the melt are 
highly siliceous. He thus attributes quartzose inner 
zones and also units of abnormally high lithium con- 
tent to precipitation from the gas. 

Hydrothermal investigations by Munoz (1971) 
show that lepidolite is stable only at low tempera- 
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tures in pegmatitic mineral assemblages and that it 
can form by subsolidus reaction of spodumene and 
potassic feldspar in the presence of a fluorine-bearing 
aqueous gas. Textural and structural relations of 
some lepidolite to spodumene and microcline at many 
localities indicate that it does indeed form by re- 
placement during cooling of pegmatite. Yet most 
lepidolite is in the innermost zone of the pegmatite, 
quite separate from any zone containing other lith- 
ium minerals. Though such lepidolite zones have a 
very disordered texture, with abundant veining and 
corrosion features, they lack evidence of preexist- 
ing lithium minerals. The core of the Bikita pegma- 
tite has quartz as the principal associate of lepido- 
lite and may have crystallized directly from the 
siliceous gas described by Stewart. In other pegma- 
tites, however, feldspar is abundant in the lepidolite 
core, and its origin thus becomes implausible as a 
product either of the gas or of the silicate melt. 
Nevertheless, if lepidolite can form at low tempera- 
tures by subsolidus reactions as a replacement min- 
eral in outer zones, then it should also be stable as 
a direct precipitate of whatever residual fluid re- 
mains at these temperatures trapped in the center 
of the pegmatite. 


ORIGIN OF PEGMATITIC MAGMA 


How a lithium-rich magma is generated can be 
stated in generalities but with few details. Locali- 
ties containing pegmatites ordinarily also contain 
granite of approximately the same age that is uni- 
versally regarded as the source of the pegmatitic 
fluid or in some other way closely related to it. The 
granites that accompany pegmatites, being of low 
calcium content and in some instances having vir- 
tually no calcium at all, are probably formed by 
melting of calcium-poor sediments rather than by 
fractionation of basic magmas. If so, then only 
where lithium is available in the zone of the melt- 
ing—presumably from clays that have been carried 
to great depths—can lithium pegmatites result, 
which would account for the absence of lithium 
minerals in many pegmatite regions. 

How granites, which rarely contain much more 
than 100 ppm (parts per million) lithium, can gen- 
erate pegmatitic magma of generally granitic com- 
position but with several thousand parts per million 
lithium is a formidable question. In the Georgia 
Lake area, Ontario (Pye, 1965, p. 52-54), and in 
the Black Hills of South Dakota, the granite near 
lithium pegmatites tends to be of higher lithium 
content than elsewhere. This might be viewed as 
implying that the granitic magma fractionated to 
produce a lithium-rich magma were it not that 
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pegmatites as a rule contain either a great amount 
of lithium or virtually none at all; very small areas 
can contain both kinds, with few or no pegmatites 
of intermediate lithium content. This bimodal dis- 
tribution indicates that the process of forming a 
lithium-rich magma involves more than simple con- 
centration of lithium in granitic magma. D. B. 
Stewart (oral communs.), who has pondered this 
problem at length, has suggested that minerals of 
the granite, some of which can carry many hundreds 
of parts per million lithium, returned their lithium 
to the residual melt during reactions at a late stage 
of magmatic crystallization. Whether a pocket of 
residual melt could be in contact with, or have access 
to, enough of the solidified granite to obtain the 
requisite amount of lithium, and why it should 
seldom if ever crystallize in place but instead be 
expelled to crystallize elsewhere, are questions that 
diminish the attractiveness of this ingenious pro- 
posal. 

That the lithium-rich magma was derived from 
granite magma, by processes not now understood, 
remains likely, but it is by no means a certainty. 
An alternate possibility is that lithium-rich magma 
formed in the zone of anatexis, independently of the 
granite magma, from partial melting of metasedi- 
ments enriched in lithium. This origin is particularly 
appealing for large pegmatites, such as those at 
Kings Mountain, N. C., which have the same compo- 
sition as at the minimum melting temperature in 
the feldspar—quartz—spodumene system. If a body 
of magma thus formed retains its individuality dur- 
ing upward movement, it becomes a lithium-rich 
pegmatite; if it merges with nearby granite magma, 
the result is granite with a somewhat higher than 
normal lithium content. 


LITHIUM PEGMATITE LOCALITIES 


The known lithium deposits of the world are 
numerous and widely distributed, but only a few 
have been economically important. The outstanding 
deposits are at Kings Mountain, N. C.; Barraute, 
Quebec; and Bikita, Rhodesia; and in the Karibib 
and Warmbad districts of South West Africa. Many 
other localities are known to be promising. Produc- 
tion figures presented by Schreck (1961, tables 9- 
12) provide a means of gaging the amount of lithium 
mining during past years at places throughout the 
world. 


UNITED STATES 


The dominant lithium district in the United States 
is Kings Mountain, N. C., where an area about 25 
miles long contains many spodumene-rich pegma- 
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tites. The largest of these deposits, owned and mined 
by the Foote Mineral Co., has been described in 
detail by Kesler (1961). 

Other areas in the United States contain pegma- 
tites that are rich in lithium but too small to com- 
pete with equally rich but much larger deposits in 
North Carolina. The foremost among these areas is 
the Black Hills of South Dakota, which was the 
main source of lithium in the United States before 
the 1950’s. All the production of the Black Hills has 
been from relatively small well-zoned pegmatites. 
The chief lithium mineral is spodumene, but the 
output includes a moderate quantity of lepidolite 
and most of the amblygonite mined in the United 
States. Lepidolite has also been extracted at the 
Harding mine near Dixon, N. Mex.; at the Stewart 
mine in the Pala district, California; and at the 
Brown Derby mine in the Quartz Creek district, 
Colorado. Other lithium pegmatites, most of which 
contain spodumene as the lithium mineral, have been 
found in Arizona, Wyoming, Massachusetts, New 
Hampshire, and Maine. 


CANADA 


The Quebec Lithium Corp.’s spodumene mine at 
Barraute, near Val d’Or, Quebec, is the most im- 
portant of the known deposits in Canada and is the 
only one with a record of large production. The 
several pegmatites in this mine are virtually un- 
zoned and consist mainly of albite, quartz, and 
spodumene. 

The Tanco pegmatite (named from the Tantalum 
Mining Corp. of Canada, Ltd.) at Bernic Lake, near 
Lae du Bonnet, southeast Manitoba, which was 
earlier known as the Chemalloy and still earlier as 
the Montgary pegmatite, has drawn widespread 
attention as a potentially important source of 
lithium. This is a well-zoned pegmatite in which 
spodumene is the predominant lithium mineral but 
in which lepidolite is also abundant (Hutchinson, 
1959; Wright, 1963 ; Howe and Rowntree, 1966) and 
petalite is present (Cerny and Ferguson, 1972). 

For the many other lithium pegmatites that have 
been discovered in Canada, Mulligan (1965) is the 
most comprehensive source of information. The Val 
d’Or region, Quebec, and the region near Bernic 
Lake, Manitoba, have attracted the greatest interest 
and contain many of the deposits. Pegmatites at 
Georgia Lake (Pye, 1965) and at several other locali- 
ties in western Ontario carry spodumene. An exten- 
sive area near Yellowknife, Northwest Territories, 
has long been known to have lithium pegmatites, 
some of which are well zoned (Mulligan, 1965, p. 
85-87). Furthermore, in broad areas of the Cana- 
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dian Shield, largely covered by glacial drift, it seems 
unlikely that more than a modest fraction of the 
existing lithium pegmatites have been found. 


SOUTH AMERICA 


Pegmatites in northeastern Brazil have been 
mined for both spodumene and amblygonite. The 
production, though small, is enough to encourage 
hope that more can be found. 

Argentina is the only other South American 
country that has been a source of lithium, but 
whether its pegmatites have a significant potential 
is questionable. 


AFRICA 


Lithium pegmatites have been found in so many 
parts of Africa that only the outstanding localities 
can be mentioned here. The Bikita pegmatite in 
Rhodesia is preeminent. Cooper (1964) and Martin 
(1964) described this as a well-zoned pegmatite, 
5,400 feet long, that contains abundant lepidolite 
and petalite and lesser quantities of spodumene, 
amblygonite, and eucryptite. The only other locali- 
ties with a notable record of production are the 
Karibib and Warmbad districts, South West Africa, 
which contain zoned pegmatites described by Cam- 
eron (1955) that have been sources of lepidolite, 
petalite, and amblygonite. The Manono tin deposits, 
Republic of the Congo (Zaire), have attracted inter- 
est as potential sources of lithium. These deposits 
are in two pegmatites, each said to be 3.5 miles long 
and 150-2,500 feet wide and to contain 10-25 per- 
cent spodumene (Kesler, 1960, p. 527). 


EURASIA 


Lithium pegmatites are known in many parts of 
Europe and Asia, but none of the deposits have a 
record of large production nor is there published 
evidence for large reserves. The chief localities are 
in Czechoslovakia, France, East Germany, Portugal, 
Spain, Sweden, Soviet Union, India, and Korea. The 
best known of the western European deposits is the 
Varutrask pegmatite in northern Sweden, which 
contains lepidolite, petalite, spodumene, and am- 
blygonite (Quensel, 1952, p. 53-55). France and 
Portugal have each produced more than 4,000 tons 
of lepidolite (Schreck, 1961, table 9). In the U.S.S.R., 
deposits on Kola Peninsula and in the Altai Moun- 
tains may be important, but available published data 
are not adequate for evaluating them. 


AUSTRALIA 


Several pegmatite districts in Australia are known 
to have lithium minerals, and the very small pro- 
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duction may not be an accurate measure of the 
potential. Western Australia contains most of the 
known occurrences. Spodumene, amblygonite, lepi- 
dolite, and petalite have all been reported (Noakes, 
1946, p. 9-12). 


LITHIUM IN BRINES 


Lithium has been obtained since 1938 from sub- 
surface brine at Searles Lake, Calif., and since 1966 
from another dry lake at Silver Peak, Nev. The 
Silver Peak deposit has become a very large sup- 
plier of lithium, probably the world’s largest, but 
production figures are unpublished. 

At Searles Lake the lithium is from an operation 
in which potassium chloride and sodium carbonate, 
sulfate, and borate are the main products. The brine 
contains about 0.015 percent Li,.O (Ryan, 1951, 
table 1), or 70 ppm lithium, which is extracted as 
dilithium sodium phosphate that contains about 21 
percent Li,O. 

At Silver Peak, according to Barrett and O’Neill 
(1970), the brine contains 300 ppm lithium and 
10-15 percent other dissolved constituents, of which 
chlorine and sodium are by far the most abundant. 
Lithium is the sole product. The well field from 
which the brine is obtained extends over an area of 
about 2 square miles, but the entire playa covers 
about 32 square miles. Clays, silts, sands, and 
evaporites are saturated with brine to a depth of 
at least 600 feet and possibly to 1,500 feet. I. A. 
Kunasz, in a 1970 Pennsylvania University doctorate 
thesis, “Geology and Geochemistry of the Lithium 
Deposit in Clayton Valley, Esmeralda County, Ne- 
vada,” showed that the playa sediments have abun- 
dant hectorite obtained by erosion from nearby tuff. 
The hectorite was probably formed originally by 
hydrothermal alteration along a fault. Lithium of 
the brine, according to Kunasz, was leached from the 
tuff, and additional lithium may have been con- 
tributed by hot springs at the periphery of the 
basin. 

The development of the Silver Peak locality has, 
by putting substance into what previously was only 
a promise, greatly increased interest in lithium of 
brines. Earlier analyses of saline deposits either 
indicated no more than teasing amounts of lithium, 
which implied that nothing better than byproduct 
lithium, as at Searles Lake, would ever be found, 
or were themselves of dubious validity (Norton and 
Schlegel, 1955, p. 340). An additional source of pro- 
duction has now been developed at Great Salt Lake 
(Indus. Minerals, Dec. 1971, p. 37), which contains 
about 60 ppm lithium that is extracted together 
with magnesium. The Salton Sea geothermal brine 
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has been found to contain 210 ppm lithium in addi- 
tion to a wide variety of other potentially valuable 
constituents (White, 1968, table 1). Observations 
by Helen L. Cannon (written commun., 1972) indi- 
cate concentrations of lithium in several closed 
basins in Nevada and California, especially those 
surrounded by volcanic rocks. 

Foreign localities have as yet received little at- 
tention. Chong (1971, p. 26) has found that lithium 
is concentrated in subsurface potassic brine in the 
Salar de Atacama of northern Chile. Though analy- 
ses are unpublished, the average grade is reported 
to be 2,000 ppm lithium (Mining Jour., June 26, 
1970, p. 597; Guillermo Chong, written commun., 
Aug. 21, 1972). This seems too high to be accepted 
without confirmation but is nonetheless an indica- 
tion that lithium-rich brines exist in western South 
America as in western North America. 

All these lithium-rich brines are associated with 
continental sediments. Analyses of marine evapo- 
rites are invariably discouraging. 


OTHER LITHIUM DEPOSITS 


Fragmentary evidence has been cited from time 
to time to show that there may be other deposits of 
potential commercial value (Norton and Schlegel, 
1955, p. 332-333, 336-337, and 341). Hectorite (a 
magnesium-rich bentonite) at Hector, Calif. con- 
tains about 1 percent Li,O (Ames and others, 1958, 
table 3). Other clay deposits, which contain 0.2—0.5 
percent Li,O, have been recorded near Amboy, Calif. 
(Foshag and Woodford, 1986, table 1, p. 241), Kirk- 
land, Ariz. (Norton, 1965), and Spor Mountain, Utah 
(Shawe and others, 1964). Kesler (1960, p. 524) 
mentioned an average content of 0.5—1 percent Li,O 
in the shaly matrix of borate deposits at Boron, 
Calif. During study of zeolitic tuffs in lake beds of 
the southwestern States, R. A. Sheppard (written 
commun., 1972) found that lithium not infrequently 
attains levels of several hundred parts per million 
in montmorillonoid clay minerals, especially in saline 
environments; a nearly pure separate of saponite 
from Pleistocene Lake Tecopa, Calif., has 0.34 per- 
cent Li,O. Tardy, Krempp, and Trauth (1972) re- 
corded the lithium contents of many additional clays. 

Whether any metamorphic rocks or hydrothermal 
veins contain enough lithium to attract interest is 
unknown. The mineral ephesite, a sodium-rich mar- 
garite detected in emery deposits in Turkey and in 
manganese deposits in South Africa, contains as 
much as 3.85 percent Li.O (Schaller and others, 
1967, p. 1692), but so far as known, it is a rare 
mineral. 
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EXPLORATION AND MINING 


Though sporadic production was recorded from a 
few localities in the 1880’s and 1890’s, the world’s 
first lithium mining of consequence began in 1898 
at the Etta mine, Keystone, S. Dak. For the next 
40 years, the chief sources were small mines in 
which spodumene, amblygonite, and lepidolite were 
recovered by hand sorting. During this period, pro- 
duction of lithium minerals in the United States was 
generally less than 2,000 tons annually; but in five 
of these years it exceeded 4,000 tons, and in 1920, 
a record year, the production was 11,696 tons, 
valued at $173,002 (Schreck, 1961, table 10), which 
probably contained about 250 tons of lithium. Dur- 
ing these early years, the Etta mine was the largest 
individual source of lithium, and the only other im- 
portant sources were the Harding mine, Dixon, N. 
Mex.; the Stewart mine, Pala, Calif.; and the Tin 
Mountain mine, west of Custer, S. Dak. Domestic 
production during this period was far greater than 
production from other countries. 

The first important change came in 1938, when 
the American Potash and Chemical Corp. began 
producing lithium at Searles Lake, Calif. This 
marked the beginning of a period in which large, 
fully mechanized operations took the place of small 
mines that depended on hand sorting. 

Expanding use during World War II caused the 
production of lithium minerals to reach a new peak 
in 1944, when 13,319 tons was produced in the 
United States and 17,169 tons was produced in the 
entire world (Schreck, 1961, table 9). This large 
production was made possible by the introduction 
of mineral dressing techniques, especially by the 
Solvay Process Co. at Kings Mountain, N. C. 

A sharp postwar slump, which lasted until 1950, 
was followed by the tremendous increase in produc- 
tion of the 1950’s that soon far surpassed all pre- 
vious records. The greatest incentive was the pur- 
chase of lithium hydroxide by the U.S. Atomic 
Energy Commission. By 1954, domestic output was 
37,830 tons of lithium minerals, containing 1,142 
tons of lithium; and world production was 102,763 
tons (Schreck, 1961, tables 9 and 10). Domestic pro- 
duction figures have not been published since 1954. 
For other parts of the world, however, production in 
the latter years of the 1950’s was record setting, 
reaching a maximum in 1957, when the total was 
about 170,000 tons of lithium minerals and concen- 
trates (Schreck, 1961, tables 9 and 11), which prob- 
ably contained about 3,500 tons of lithium. If, as 
seems likely, domestic production also increased 
after 1954, the world’s maximum output, in 1957 


372 


or within a year or two thereafter, was probably 
between 5,000 and 6,000 tons of lithium. 

Three mines furnished most of the world’s lithium 
during this period. One was the spodumene mine at 
Kings Mountain, N. C. operated by the Foote Min- 
eral Co., which processed its own ores. Another was 
the spodumene mine of the Quebec Lithium Corp. at 
Barraute, Quebec; its concentrates were processed 
by the Lithium Corp. of America at Bessemer City, 
N. C. The third was the mine of Bikita Minerals 
(Pvt.), Ltd., at Bikita, Rhodesia; lepidolite concen- 
trates from this mine were processed by American 
Lithium Chemicals, Inc., at San Antonio, Tex. 

The rate of production dropped greatly in 1960, 
when the last of Atomic Energy Commission con- 
tracts expired, but it was still large by the stand- 
ards of the years prior to 1953. The principal raw 
material sources continued for several years to be 
the same as in the 1950’s, but the processing and 
marketing patterns changed. 

Another milestone came in 1966 when production 
began from Silver Peak and an accompanying price 
reduction not only encouraged increased consump- 
tion but also led the Quebec Lithium Corp. to with- 
draw from the market. Luckenbach (1972, p. 115) 
estimated that domestic consumption, expressed as 
LiCO;, increased from 14,490,000 pounds (1,360 tons 
Li) in 1966 to 20,000,000 pounds (1,880 tons Li) in 
1970. Corresponding figures for the world were 
20,790,000 pounds (1,950 tons Li) in 1966 and 
32,500,000 pounds (3,050 tons Li) in 1970. Although 
consumption diminished in 1971, the trend indicates 
that the industry will in a few years pass the record 
set in the 1950’s. 


RESERVES AND RESOURCES 


Reserves of lithium have long been known to be 
enormous relative to annual consumption, and with 
the opening of the Silver Peak deposit the reported 
reserve figures have become astronomic. Most of 
the known supply and most of the consumption of 
lithium are in the United States. There is little rea- 
son to believe that the large size of reserves in the 
United States means anything except that the search 
for lithium has been most intense near home; the 
rest of the world may be as well endowed with 
lithium as the United States. It may seem surprising 
that efforts have been expended to find much more 
lithium than is likely to be used for many decades. 
The explanation is not that efforts have been wasted 
but that many lithium deposits are disproportion- 
ately large relative to their market and have re- 
sources that can be readily estimated from the data 
acquired during exploration and development of 
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even a small mine. 
Table 73 shows total world resource figures in 


TABLE 73.—Lithium resources, in short tons 


Identified resources 1 


Possible 
Proved reserves Hypothe- 
Locality and and tical re- 
probable condi- sources ¢ 
reserves? tional re- 
sources 2 
Kings Mountains NG eee 486,000 (5) 1,000,000 
Blackss Hillsi, Su Dak oe ee 10,000 
Other pegmatite districts of the 
United Ui States,( 2S ae Se es Ye ee 000 
Silver Peak, Nev., brine ~-__--___---_-_ 500,000 2,000; 000 2,500,000 
Salton Sea, Calif., geothermal brine ___-__  -_--__ 1 100, 000 
Searles Lake, Calif a eee 10,000 ,000 
United States, total (rounded) ---- 1,000,000 3, sath °000 3,500.000 
Barraute,) Quebec, = £262. 252 = 2h ee 84000 eee 
Bernic Lake, Manitoba —~______________ 45,000 —---- ~~ 
Other resources in Canada -_-----__-__ — ------ 200.000 1,000,000 
Ganada, total) — 22222 = 129,000 200,000 1,000,000 
Bikita, Rhodesia ~_______ 90000 sas 
South West Africa ______ 4,000, --S==s== 
Other resources in Africa SY VE eee 1,000,000 
Africa;, total! = sos5 eee 94.0008 =a 1,000,000 
South) America) brines [—— == — oo = ee ()__1,000,000 
World total (rounded) ---__-___ 1,200,000 3,300,000 6,500,000 


1 Specific, identified mineral deposits that may or may not be evaluated 
as to extent and grade, and whose contained minerals may or may not 
be profitably recoverable with existing technology and economic conditions. 

2 Identified deposits from which minerals can be extracted profitably 
with existing technology and under present economic conditions. 

3 Specific, identified mineral deposits whose contained minerals are 
not profitably recoverable with existing technology and economic condi- 
tions. 

4 Undiscovered mineral deposits, whether of recoverable or subeconomic 
grade, that are geologically predictable as existing in known districts. 

5 Included in hypothetical resources. 


three categories: (1) proved and probable reserves, 
(2) possible reserves and conditional resources, and 
(3) hypothetical resources. All the proved and prob- 
able reserves are backed by persuasive evidence that 
they exist and that they can be mined profitably 
under conditions prevailing now or in the recent 
past. Possible reserves are included with conditional 
resources because there is doubt about how to cate- 
gorize many deposits. Many unexplored spodumene 
deposits, for example, have a grade equal to that at 
existing mines, and thus would ordinarily be re- 
garded as having possible reserves; but because it 
is questionable whether a new spodumene mine could 
now be developed and operated profitably in compe- 
tition with brines, these resources perhaps should 
be downgraded to conditional. 


RESOURCES IN PEGMATITES 
UNITED STATES 


Virtually all the domestic reserves of pegmatitic 
lithium, and a very large part of the world’s re- 
serves, are at Kings Mountain, N. C. 

Kesler (1960, p. 525, and 1961, table 3) reported 
that measured (equivalent to proved) reserves in 
the main part of the Foote Mineral Co.’s deposit on 
June 30, 1959, were 20,746,297 tons of ore carrying 
1.53 percent Li,O, which amounts to 147,000 tons 
of lithium. Additional reserves, but in the indicated 
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(probable) category, were reported at the same time 
as 15,769,075 tons, presumably of the same grade 
(Kesler, 1960, p. 525), which adds 112,000 tons of 
lithium to the total. Elsewhere in the Kings Moun- 
tain district, the Lithium Corp. of America holds 
reserves that were reported as of May 20, 1963 
(Clarke, F. F., written commun., 1963), to amount 
to 37 million tons at 1.32 percent Li,O, or 227,000 
tons of lithium. 

Kesler (1960, p. 525) reported that the total re- 
serves of the Kings Mountain district probably 
exceed all published estimates. The largest of the 
estimates is equivalent to 600,000 tons of lithium 
(Norton and Schlegel, 1955, table 5). These reserves 
were almost entirely in the inferred (possible) cate- 
gory, yet they are not much greater than the proved 
and probable reserves of 486,000 tons that have 
since been demonstrated. Certainly enough lithium 
to make up the difference is in the many small 
spodumene pegmatites of the region and in unex- 
plored parts of the known large deposits. It is not 
unreasonable to suppose also that the district has 
additional large bodies of spodumene pegmatite, 
perhaps at great depth, perhaps even near the sur- 
face. The total of possible reserves, conditional re- 
sources, and hypothetical resources may well be 
placed at twice the known reserves, or about 1 mil- 
lion tons of lithium. 

Of the many localities elsewhere in the United 
States that contain lithium pegmatites, only the 
Black Hills, S. Dak., is known to have a significant 
quantity of lithium minerals, and the estimate there 
is only about 10,000 tons of lithium (Norton, 1964, 
p. 180). Because lithium mining has been dormant 
in the Black Hills for many years owing to the area’s 
inability to compete with mines elsewhere, its 
lithium should be classified as a conditional resource. 
An estimate of hypothetical resources for the Black 
Hills or other localities in the United States would 
be trivial in comparison with the estimate for Kings 
Mountain. 


CANADA 


The best known deposits in Canada are at the 
Quebec Lithium mine, Barraute, Quebec, and the 
Tanco deposit, Bernic Lake, Manitoba. The Quebec 
Lithiumreserves are 15 million tons containing 1.2 
percent Li,O, or 84,000 tons of lithium, according 
to the account by Mulligan (1965, p. 46), who appar- 
ently preferred these figures to somewhat larger 
figures published elsewhere. At the Tanco deposit, 
Howe and Rowntree (1966, p. 210) placed lepidolite 
reserves at 107,700 tons with 2.24 percent Li,O and 
spodumene reserves at 4,727,263 tons with 2.01 per- 
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cent Li,O, excluding ore that would have to be left 
as a pillar unless the lake were drained. These fig- 
ures indicate a total of 45,000 tons of lithium in 
the Tanco mine. 

Reserve estimates have been published for many 
other deposits in Canada. None of them have been 
mined, nor do any seem as attractive as the Quebec 
Lithium or the Tanco deposits, one of which was 
closed in the face of competition from Silver Peak 
and the other after many years of effort has yet to 
produce lithium. In these circumstances, the other 
Canadian deposits seem most suitably classified as 
conditional resources. Pye (1965, p. 26) has tabu- 
lated data from the Georgia Lake area, Ontario, 
that indicate a total of 62,000 tons of lithium. For 
other areas in Canada, Mulligan (1965, table 6) com- 
piled estimates that amount to 84,000 tons of lith- 
ium. Quite surely there is additional lithium at 
Barraute, Quebec, where only the ore within 600 
feet of the main shaft to a depth of 850 feet is in- 
cluded in the Quebec Lithium reserves nor should 
the ore excluded as a pillar at the Tanco deposit, 
which has 22,000 tons of lithium, be left wholly out 
of account. For the Yellowknife region, Mulligan 
(1965, p. 89) preferred to quote none of the existing 
reserve estimates but instead remarked that there 
is a “reserve of many millions of tons of material 
comparable to that developed elsewhere.” Taken 
altogether, the existing information points to con- 
ditional resources of at least 200,000 tons of lithium 
in Canada. 

The vigorous prospecting for lithium in Canada 
during the 1950’s resulted in the recognition of a 
great number of deposits. Mulligan (1965, table 6) 
listed 67 known deposits and lithium localities. Yet, 
in the absence of successful lithium mining, except 
at Barraute, Quebec, enthusiasm quickly waned. It 
may be surmised that exploration thus far has dis- 
covered only a fraction of the total amount of lith- 
ium actually available. An estimate of hypothetical 
resources amounting to 1 million tons of lithium 
seems plausible. 


AFRICA 


The two principal sources in Africa have been the 
Bikita pegmatite, Rhodesia, and the Karibib and 
Warmbad districts, South West Africa. Symons 
(1961, p. 145-148) reported that on December 31, 
1960, the reserves (here converted to short tons) at 
Bikita were 6,700,000 tons of various categories of 
material containing an average of 2.90 percent Li,O, 
or 90,000 tons of lithium. For South West Africa, 
Kesler (1960, p. 527) estimated “about 350,000 tons 
of crude lepidolite ores mostly containing 20 to 50 
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percent recoverable lepidolite, and about 200,000 tons 
of crude petalite ores of somewhat higher yield.” 
These figures suggest a total of about 4,000 tons of 
lithium. 

No published data appear to be available to calcu- 
late resources in the Manono deposits, Republic of 
the Congo, though the quantity seems to be immense 
(Kesler, 1960, p. 527). Hilertsen (1965, p. 534) men- 
tioned deposits in the Republic of Mali that have 
8,000 tons of lithium. In several other African coun- 
tries lithium minerals have been mined or the exist- 
ence of lithium pegmatites has been noted. The hypo- 
thetical resources of Africa may be estimated at 
1 million tons of lithium. 


EURASIA, AUSTRALIA, AND SOUTH AMERICA 


Noakes (1946) recorded resources amounting to 
1,000 tons of lithium in western Australia, and 
Wilertsen (1965, p. 5384) mentioned 4,000 tons in 
the same region. Lithium pegmatites in South 
America and Eurasia, though numerous and wide- 
spread, seem not to be large, or at least no pub- 
lished statement to the contrary has been noticed. 
The U.S.S.R. has at least a few deposits and has 
recently exported lithium compounds (Luckenbach, 
1970, p. 83), though not in sufficient abundance to 
suggest that the country has any truly large mine. 

The identified resources throughout the vast re- 
gions of Hurasia, South America, and Australia 
seem too small to take into account in this report, 
and there are no grounds at all for estimating 
hypothetical resources. This is not to say, however, 
that sizable resources will not ultimately be dis- 
covered. 


RESOURCES IN BRINES 


The key to any estimate of the overall lithium 
resources in brines is the Silver Peak deposit, 
Nevada, for which the Foote Mineral Co. reported 
reserves of 5-10 billion pounds of lithium (Foote 
Mineral Co., 1967, p. 24; Luckenbach, 1968). De- 
tails of how these reserve figures were computed 
have not been published, but enough numerical data 
are available so that with only a few assumptions 
the calculations can be approximately duplicated. 
Barrett and O’Neill (1970, p. 47) provided figures of 
32 square miles for the area of the playa, 600 feet 
for the minimum thickness of the brine-bearing 
body, and 300 ppm for the content of lithium in the 
brine. Using these data and guessing that the brine 
occupies 40 percent of the volume and has a density 
of 1.1, one finds after making the appropriate calcu- 
lations that the quantity of lithium approaches 5 
billion pounds. It thus appears that the Foote 5-10 
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billion estimate applies to the entire 32-square-mile 
basin, and that the lower figure is to the known 
depth of brine in existing wells and the higher 
figure is to the probable average depth of the bottom 
of the basin. The grade apparently was assumed to 
be constant throughout the basin, and no estimate 
was made of how far the lithium content can be 
depleted before the grade becomes too low for profit- 
able operation. The quantity, if any, of lithium that 
is being added to the brine from lithium-bearing clay 
and nearby hot springs, which would enlarge the 
reserves, seems to be regarded as too small to take 
into account. 

With this background, it is possible to place the 
reserves and resources in categories. Probably 
500,000 tons of lithium (20 percent of 5 billion 
pounds) in and near existing wells over a thickness 
of 600 feet can be called proved and probable re- 
serves. Another 2 million tons of lithium at the 
same depth extending outward to the borders of 
the basin can be called possible reserves or condi- 
tional resources. The remaining 2,500,000 tons (or 
5 billion pounds) of lithium seems best categorized 
as hypothetical resources. 

For Searles Lake, Calif., published data have been 
used to make one estimate of 75,000 tons of Li,O 
(Kesler, 1960, p. 524) and another of 90,000 tons 
of Li,O (Norton and Schlegel, 1955, p. 346-347), 
or about 40,000 tons of lithium. Because lithium is 
only one of many products from Searles Lake, the 
question of how much of it will be extracted depends 
on the outlook for the rest of the operation. Pro- 
duction is about 100 tons of lithium annually (Smith 
and Irwin, 1966, p. 234). If, at the present rate of 
operation, the deposit has a life of 100 years, which 
seems as good an estimate as any that can be made 
from the host of figures available, then the ultimate 
output of lithium will be 10,000 tons. This amount 
can be labeled reserves, and the remaining 30,000 
tons known in the deposit can be called conditional 
resources. 

The few other lithium brines that have been 
identified have yielded very large resource estimates. 
Conditional resources of 1,100,000 tons of lithium 
are in the Salton Sea geothermal brine, which con- 
tains several other constituents of potential eco- 
nomic value (White, 1968, p. 318). The Salar de 
Atacama, Chile, is said to have 1,200,000 tons of 
lithium (Mining Jour., June 26, 1970, p. 597). Guil- 
lermo Chong (written commun., Aug. 21, 1972) 
confirms this estimate but says that an exploration 
program is now starting. Until this exploration is 
completed and the extraordinarily high supposed 
content of 2,000 ppm lithium is substantiated, the 
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potential of this deposit seems best combined with 
that of other lithium brines that may exist in South 
America to make an estimate of 1 million tons of 
hypothetical resources. 

Great Salt Lake and probably other saline lakes 
in the world contain enormous quantities of lithium. 
Such lakes are omitted from table 73 because, un- 
like the other deposits included in the table, they 
are far more important for other purposes than as 
mineral deposits, and the likelihood is small that 
their lithium, which is at a very low grade, will be 
extracted in large quantity for a long time, if ever. 


SUMMARY OF LITHIUM RESERVES AND RESOURCES 


Table 73 shows that the world has proved and 
probable reserves of 1,200,000 tons of lithium plus 
nearly 10 million tons of possible reserves, condi- 
tional resources, and hypothetical resources. The 
proved and probable reserves alone would last the 
world 400 years at the 1970 rate of consumption. 

Most of the vast quantities of lithium itemized in 
table 73 are in the United States, which suggests 
that much larger resources exist but remain unde- 
tected in foreign countries. By multiplying domestic 
resources by 16.0, which is approximately the ratio of 
the world’s land area to that of the United States, 
one finds that world totals can probaby be brought 
to a level of 120 million tons of lithium. If domestic 
resources are in fact greater than shown in table 
73, which is likely, and if the rest of the world does 
have proportionately as much lithium as the United 
States, which is also likely, then the actual world 
total is even larger. Any new discoveries are most 
likely to be made in localities with pegmatitic rocks 
in Canada, South America, Africa, and Australia, 
and in brines of western North and South America 
or geologically similar regions elsewhere. 

Lithium-resource estimates by this author have 
sometimes been called conservative. They are in fact 
neither conservative nor liberal, but are merely the 
largest that can be projected from existing data. 
The real meaning of table 73 is that resources of 
lithium, in deposits comparable to those that have 
been mined, are virtually unlimited relative to any 
likely demand. If a truly large demand for lithium 
ever arises—for example, for batteries for electric 
automobiles or for nuclear-power generation, which, 
however inevitable their development may be, will 
not necessarily use much lithium—then the search 
for high-quality lithium deposits will be renewed, 
and resource figures will skyrocket even further. 
Prudence would, of course, require that deposits be 
identified and their reserves determined before any 
such large use actually begins. 
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CESIUM 


Cesium, though of low abundance in the earth’s 
crust, has large reservoirs relative to its exceed- 
ingly small consumption. Most of the production 
and nearly all the known reserves are attributable 
to the Bikita pegmatite in Rhodesia, a few pegma- 
tites in South West Africa, and the Tanco pegma- 
tite, Manitoba. 

Uses that have most commonly been mentioned 
are in research and development of ionic engines for 
space travel and thermionic power generation, 
which thus far at least has also been associated 
chiefly with space flights. Otherwise the use of 
cesium is in infrared lamps, photomultiplier tubes, 
scintillation crystals, pharmaceuticals, and certain 
chemical processes (Heindl, 1970, p. 530). 


GEOLOGY 

Cesium is most abundant in zoned pegmatites, a 
few of which contain astonishingly large and rich 
deposits. It is also concentrated in natural brines 
during crystallization of salts from sea water, but 
reaches a maximum of only 20 ppm in the last pre- 
cipitates, sylvite and carnallite (Michael Fleischer, 
written commun., 1972). Two analyses of the Salton 
Sea geothermal brine show 14 and 20 ppm cesium 
(White, 1968, table 1). If any brines are 
known to have greater concentrations of cesium, 
the facts seem not to have been published. 

In pegmatites the most abundant (and for prac- 
tical purposes, the only) cesium mineral is pollucite, 
(Cs,Na) AlSi,O,, which in commercial concentrates 
generally contains somewhat more than 20 percent 
Cs,0. Analyzed pure pollucite from the Tanco peg- 
matite, which has the largest reserves, contains 
86.2 percent Cs,0 (Nickel, 1961, p. 6). Handsorted 
material, because it is contaminated by quartz which 
resembles pollucite, has about 28 percent Cs,0 in 
the Tanco deposit (Hutchinson, 1959, p. 1534) and 
about 25 percent at Bikita (Cooper, 1964, p. 451). 
Other cesium-rich minerals include uncommon forms 
of beryl (as much as 9.5 percent Cs,0), cesium 
kupletskite, avogadrite, and the rare borate rho- 
dizite (Michael Fleischer, written commun., 1972). 

Pollucite deposits have a conspicuous association 
with lithium pegmatites that contain lepidolite and 
petalite. The Bikita and Tanco pegmatites have the 
world’s two largest lepidolite deposits and also the 
two largest pollucite deposits. Similarly in South 
West Africa, though the published record is not so 
clearcut on the subject, the pegmatites with lepi- 
dolite and petalite seem also to be the source of 
pollucite. In both the Bikita and the Tanco pegma- 
tites, most of the pollucite is in a single large and 
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very rich lenticular unit on the hanging-wall side 
of the pegmatite, generally well removed from the 
lepidolite core and surrounded by a spodumene-rich 
intermediate zone containing petalite (Cooper, 1964, 
p. 450-451 and figs. 3, 6, and 7; Martin, 1964, p. 
124 and pl. 8; Hutchinson, 1959, p. 1534 and figs. 
2 and 5; Wright, 1963, p. 936 and pl. 1; Crouse and 
Cerny, 1972, figs. 3 and 4). 


PRODUCTION 


Production and consumption figures for cesium 
are rarely published. Howe and Rowntree (1966, p. 
211) say that the United States in 1964 used about 
8 short tons of cesium salts and somewhat more 
than 3,000 pounds of cesium metal. In 1970, the 
United States imported 5,129 pounds of cesium com- 
pounds plus an unstated quantity of pollucite, and 
the U.S.S.R. imported 200 tons of pollucite contain- 
ing about 40 tons of cesium (Kurtz, 1972). From 
these figures, the world’s consumption now and in 
the immediate future may be gaged at only a few 
tons of cesium annually. Prices are high; the 5,129 
pounds of cesium products imported in 1970 were 
valued at $189,056 (Kurtz, 1972), or about $37 
per pound. 

The principal source has been the Bikita pegma- 
tite, mainly from pollucite but also as a byproduct 
of the extraction of lithium from lepidolite, which 
resulted in an alkali carbonate residue containing 
about 2 percent cesium. South West Africa has been 
the other source in recent years, and Mozambique 
has also yielded cesium (Howe and Rowntree, 1966, 
p. 211). Only about 100 tons of pollucite has been 
mined in the United States, mostly from the Tin 
Mountain pegmatite, Black Hills, S. Dak., but also 
from Oxford County, Maine. All these sources are 
likely to be dwarfed by the Tanco deposit during 
any expansion of the cesium market unless a now 
unanticipated source of cesium (for example, as a 
byproduct of brine processing) makes an appear- 
ance. 


RESERVES AND RESOURCES 


Reserves of the Tanco deposit have most recently 
been placed at 293,863 tons of pollucite with 23.67 
percent Cs.0, or 66,000 tons of cesium (Mining 
Engineering, April 1962, p. 18). At Bikita the di- 
mensions of the pollucite body, as furnished by 
Martin (1964, p. 124 and pl. 8), imply about 25,000 
tons of cesium. Reserves in South West Africa may 
also be sizable, but elsewhere in the world the known 
amount of pollucite is negligible. Nevertheless, the 
world’s total reserves may be placed at very close 
to 100,000 tons of cesium, which is virtually infinite 
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relative to the trivial annual consumption or to 
anticipated demand. 

Estimates of conditional or hypothetical resources 
are not worthwhile in the absence of data and in 
the absence of any predictable need for a larger 
quantity of cesium. If one makes the plausible as- 
sumption that the ratio between cesium reserves 
and proved and probable reserves of lithium in peg- 
matites (about 1:7) will remain approximately the 
same as additional lithium deposits are developed, 
the world has resources of several hundred thousand 
tons of cesium. 


RUBIDIUM 


Rubidium resources cannot be appraised in the 
same way as lithium or cesium resources because no 
rubidium minerals or rubidium-rich waters have 
been found or seem likely to be found, and all ru- 
bidium recovered is byproduct. The amount of 
rubidium available suffices for the small demand, 
and probably other byproduct sources could be 
tapped to increase the supply without much effect 
on prices. 

Consumption figures for rubidium are unpublished 
but apparently are even smaller than for cesium, 
which in some uses serves the same purpose as 
rubidium. Consumption is mainly in research and 
development, but rubidium is also used in vacuum 
tubes, photocells, and medicine (Heindl, 1970, p. 
700-702). The main source in recent years has been 
the alkali carbonate residue of the lepidolite plant 
formerly at San Antonio, Tex., the stock of which 
has not yet been exhausted, but it is also a byprod- 
uct of the processing of pollucite (Heindl, 1970, p. 
700). 

The apparent absence of independent rubidium 
minerals is attributable to chemical properties which 
enable rubidium to substitute for potassium, a 
ubiquitous constituent not only of granites and clays, 
which have the highest average contents of rubidium 
(Heier and Billings, 1970), but also of pegmatites 
and evaporites, which are commonly enriched in 
rubidium. According to Michael Fleischer (written 
commun., 1972) the rubidium content of pegmatite 
minerals is as much as 3.0 percent in microcline, 
2.1 percent in muscovite, 4.1 percent in biotite, 4.5 
percent in lepidolite, and 0.85 percent in pollucite; 
minerals of the Tanco pegmatite reach or exceed 
these maximums (Nickel, 1961, tables 1 and 4; Petr 
Gerns, written commun., 1972). Among evaporite 
minerals, the rubidium content is at most about 0.2 
percent in sylvite and carnallite (Michael Fleischer, 
written commun., 1972). Because both sylvite and 
carnallite are formed in the last stages of crystalli- 
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zation of oceanic salts, it is clear that rubidium in- 
creases in concentration in the brine until very 
nearly the end. The same applies as granite pro- 
gresses to pegmatite, and the increase doubtless 
continues to the late stages of crystallization of at 
least some pegmatites, especially those containing 
lepidolite and pollucite. 

Exhaustion of the stock of alkali carbonate re- 
maining from lepidolite processing at San Antonio 
will necessitate finding another source of rubidium. 
This is not likely to be difficult if the demand con- 
tinues small and the price high. Development of any 
new large-magnitude use, beyond what can be sup- 
plied from byproduct sources, will require search 
for new deposits, which in all likelihood can be 
found somewhere among the wide range of natural 
substances containing concentrations of alkalis. A 
discovery of rubidium-rich pegmatites in Manitoba 
(Jambor and Potter, 1967) indicates that grades of 
at least 1.0 percent Rb.O are possible. The large 
body of analytical data acquired throughout the 
world in making rubidium-strontium age determina- 
tions probably would provide useful leads to where 
rubidium deposits might be found. At present, how- 
ever, data pointing to potential rubidium deposits, 
as well as data about future demand for rubidium, 
and in what chemical form it might be used, are so 
sparse that it is fruitless to attempt to estimate 
resources. 


RESEARCH SUGGESTED 


Because supplies of lithium, cesium, and probably 
rubidium are large relative to their market, there 
is no urgent need to find new resources. New uses 
for these elements are seriously considered from 
time to time, and some of these uses could ultimately 
create a large demand. To prepare for this even- 
tuality, it would be prudent to learn more about 
which rocks and waters have concentrations of these 
elements and to identify the processes that cause 
these concentrations, so that search for new depos- 
its can, at any future time, be intelligently planned. 
Geochemical investigations to date have been di- 
rected mainly at rocks, minerals, and waters that 
contain only slight amounts of these elements rather 
than at those likely to become economically pro- 
ductive, but they provide a basis for studies that 
can clarify how deposits form and where they might 
be found. 

A desirable objective of future research is to facili- 
tate the discovery of higher grade lithium deposits 
than those now known, so as to diminish cost of pro- 
duction—or, on the other hand, to show that no such 
deposits are likely to be found and all plans must be 
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based on present costs. Lithium is unusual among 
mineral commodities in that the known resources in 
deposits of modest but minable grade are enormous, 
yet resources in truly high-grade deposits have never 
been found. This suggests that sizable high-grade 
deposits do in fact exist but have been overlooked. 
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ABSTRACT OF CONCLUSIONS 


Magnesium-bearing compounds are processed into high- 
temperature refractories, indispensable as linings in modern 
steel furnaces; chemicals; and magnesium, the lightest of 
structural metals. They are derived from minerals, brines, 
and sea water. 

Resources from which magnesium-bearing compounds may 
be recovered range in size from large to practically unlimited 
and are globally widespread. Identified resources of magne- 
site throughout the world total 12 billion tons, and those 
of brucite several million tons. Resources of dolomite, forster- 
ite, and the magnesium-bearing evaporite minerals are 
enormous; magnesium-bearing brines must constitute a re- 
source of billions of tons; and the resource contained in sea 
water is practically unlimited. The magnesium industry is 
highly competitive, and more costly sources, such as evaporite 
minerals, are little used. The bulk of magnesium-bearing 


compounds and the metal are recovered in the United States 
from sea water, brines, and dolomite, and elsewhere in the 
world from magnesite. 

Magnesite deposits still are being sought, particularly 
those low in lime content. Opportunity for discovering such 
deposits in the United States is judged to be small, but is 
somewhat better in other parts of the world. 


INTRODUCTION 


Magnesium compounds are used to prepare re- 
fractories and chemicals; high-temperature refrac- 
tories are indispensable as linings in modern steel 
furnaces and in certain parts of base-metal smelters, 
and reactive magnesium chemicals have many well- 
established industrial and pharmaceutical uses. 
Magnesium is the lightest of the structural metals 
and is used either as the pure metal or as an alloy! 
wherever weight is a critical factor; magnesium 
competes with aluminum for these purposes to the 
extent that its higher price will allow. Magnesium 
metal also is used as a reductant in the extraction 
of titanium and certain other metals and as an 
oxygen scavenger; it is an important military in- 
cendiary material (Comstock, 1963; and Paone, 
1970). 

Magnesium-bearing raw materials are abundant, 
geographically widespread, and strongly competitive 
in world markets; they consist of minerals and 
brines of various geological origins (Davis, 1957; 
Birch and Wicken, 1951; and Wicken, 1960). This 
chapter, however, deals principally with the re- 
sources of magnesite, brucite, and olivine. Resources 
of dolomite, evaporites, and brines are described in 
other chapters of this volume. 

Uses of the principal raw materials are shown 
in figure 44. 

Magnesite and brucite, when calcined at low tem- 
perature (1,600°F) yield reactive or caustic-calcined 
magnesia that is used to make chemicals and ce- 
ments. Magnesite and dolomite when calcined at 
high temperatures (3,000°F—4,000°F) yield inert 
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FIGURE 44.—Use of the principal raw materials of 
magnesium. 


oxides (dead-burned magnesite, periclase, and dead- 
burned dolomite) used to make refractories. Sea 
water and magnesium-rich brines are treated with 
lime or caustic-calcined dolomite to precipitate mag- 
nesium hydroxide, which can be converted either to 
chemicals or refractories or to magnesium chloride, 
from which the metal can be extracted in electro- 
lytic cells. When heated with ferrosilicon, caustic- 
calcined dolomite yields magnesium metal. Byprod- 
uct magnesium bitterns resulting from treatment 
of evaporite minerals are used to prepare mag- 
nesium oxide and have been used in the past in 
electrolytic cells to recover the metal. Forsterite 
molded into brick is fired at 3,000°F to produce a 
refractory that is inert to certain flue dusts and 
gasses, and when ground, the mineral forms a su- 
perior foundry molding sand. 

The United States is virtually self-sufficient in 
magnesium-bearing raw materials, although its re- 
sources of low-cost low-lime magnesite are small; 
the country is a net exporter of magnesium metal 
and a net importer of magnesium compounds. 


EXPLOITATION 


Mining of magnesite deposits began in California 
in 1886, in Washington in 1916, and in Nevada in 
1937; it ended in California in 1950 and in Wash- 
ington in 1968. The large-scale use of calcined dolo- 
mite as a refractory began during World War I, 
and mining of brucite in Nevada began in 1934. 
Recovery of magnesium metal from deep-well Michi- 
gan brines began in 1916; sea-water recovery of 
magnesium oxide for metal production began in 
1940, and in subsequent years sea-water magnesia 
supplanted magnesite as the prime source of refrac- 
tory raw material. Magnesium metal was extracted 
from dolomite and magnesite on a large scale dur- 
ing World War II, but its recovery from these 
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sources ceased in the following years. Deep-well 
magnesium brines in Texas were developed in 1970, 
and the brines of Great Salt Lake, Utah, were under 
development in 1972 by two companies for the re- 
covery of magnesium compounds and the metal. 
Forsterite, the magnesium-rich variety of olivine, 
has been mined in North Carolina since 1933, and 
in Washington since 1956. 

Since World War II, dolomite has provided the 
largest single source of magnesium-bearing com- 
pounds in the United States. More than 2 million 
short tons of dead-burned dolomite was produced 
annually in the midsixties, but changes in steel- 
making reduced its consumption to 1 million tons in 
1971; another several hundred thousand tons of 
caustic-calcined dolomite is used annually to precipi- 
tate magnesium hydroxide from sea water and 
brines. Reported production of magnesite reached a 
peak in 1956, when 690,000 short tons of crude 
magnesite was produced. Since then, production has 
not been reported, but in 1972 the Washington de- 
posits were not mined, and therefore the production 
for that year was probably less than in 1969. About 
1 million tons of brucite was mined from the Ne- 
vada deposits during 1934-66, but annual rates of 
production are not reported. Olivine production 
similarly is not reported but probably is on the 
order of several tens of thousands of tons per year. 

Under categories currently reported by the U.S. 
Bureau of Mines, refractory magnesia sold and used 
by producers totaled 627,000 short tons in 1971 and 
802,000 short tons in 1970; shipments of caustic- 
calcined and specified magnesias (exclusive of mag- 
nesia used in manufacture of the metal) totaled 
102,000 short tons in 1971 and 122,000 short tons 
in 1970. Magnesium metal production was 123,000 
short tons in 1971, continuing a rising trend of the 
previous several years. Figures on the amounts of 
magnesium compounds obtained from sea water, 
deep-seated brines, magnesite, and brucite are not 
available (Chin, 1971a, b). 

Outside the United States, about 12 million tons 
oi magnesite is mined annually; most is from de- 
posits of crystalline magnesite, but more than 1 
million tons is from deposits of bone magnesite. The 
consumption of bone magnesite has been increasing 
in recent years because this refractory possesses 
high strength and is resistant to high temperatures, 
properties desirable in the linings of basic-oxygen 
steel furnaces. 

About 120,000 tons of magnesium metal is pro- 
duced annually outside the United States. Rated 
capacity of plants recovering magnesia from sea 
water outside the United States totals 1.1 million 
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tons, and that of plants recovering magnesia from 
inland lakes, 200,000 tons (Industrial Minerals, 
1970). 


GEOLOGY 


Magnesium is the eighth most abundant of the 
elements in the earth’s crust; it averages 2.09 per- 
cent by weight of all igneous rocks. Magnesium 
makes up about 0.13 percent of sea water; during 
evaporation, it precipitates at an early stage, largely 
with carbonate minerals, but it also precipitates at 
the end stages, in bittern minerals. Magnesium car- 
bonate also precipitates during evaporation from 
certain inland lakes. 


MINERAL DEPOSITS 


This chapter deals largely with resources of mag- 
nesite, brucite, and olivine; resources of dolomite, 
evaporite minerals, and brines are described else- 
where in this volume. 


MAGNESITE 


Magnesite occurs mainly in four types of deposits: 
as crystalline masses replacing dolomite, as impure 
crystalline masses replacing ultramafic rocks, as 
eryptocrystalline masses in ultramafic rocks, and as 
sedimentary beds and lenses. 

Crystalline magnesite deposits in dolomite.—Ac- 
cumulations of crystalline magnesite occur as mas- 
sive lenses, stockworks, or disseminations in dolo- 
mite or in limestone locally altered to dolomite. 
Crystalline magnesite is light gray, gray, brown, 
pink, or red, and its grain size ranges from 0.5 to 
20.0 mm. Its chief impurities are calcium, contained 
within the lattice of magnesite grains or within in- 
cluded dolomite grains; iron, contained either in 
breunnerite (ferroan magnesite) or as disseminated 
specularite; silica, as quartz veins or as impregna- 
tions of quartz and chalcedony; and silicate min- 
erals such as talc, tremolite, anthophyllite, or en- 
statite, occurring in individual grains or in veins 
or lenses. Igneous dikes or stocks commonly cut 
magnesite lenses. 

Crystalline magnesite deposits range in size from 
pockets containing a few tens of thousands of tons 
to irregular to lenticular bodies containing more 
than 100 million tons. Impurities may range from 
about 2 to 20 percent, excluding blocks rendered 
unminable by veins of silica or silicate minerals or 
by igneous dikes. Grade is as critical as size in de- 
termining the worth of any given deposit, particu- 
larly for magnesite used in the manufacture of high- 
purity refractories. There is little market for mag- 
nesite containing more than 4 percent CaO. 

Only two districts in the United States contain 
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large deposits of crystalline magnesite: one at 
Gabbs, Nev., and the other in Stevens County, Wash. 
Small occurrences are known in New Mexico and 
Texas (Vitaliano and Callaghan, 1956; Vitaliano 
and Cleveland, 1966; Schilling, 1968; and Bennett, 
1941, 1943). 

Crystalline magnesite deposits in ultramafic 
rocks.—Magnesite mixed with tale and with or 
without quartz occurs as lenses replacing dunite or 
serpentinized dunite. Deposits of this type are as 
variable in size as those in dolomite. They form 
massive lenses or occur as shells around ultramafic 
bodies. The only crystalline magnesite deposits in 
ultramafic rocks in the United States are found in 
north-central Vermont. These deposits consist of 
gray to faintly greenish gray rock, in which the 
magnesite occurs as grains or clusters of grains 
ranging from 0.01 to 30.0 mm in diameter in a 
matrix of fine-grained tale. Proportions of magne- 
site to tale in these deposits range from 38:62 to 
50:50; the magnesite is low in lime but contains 
several percent iron; the rock as a whole also con- 
tains magnetite as an accessory mineral. A deposit 
near Timmins, in Ontario, Canada, contains 48-72 
percent magnesite, 6-20 percent tale, and 11-21 
percent quartz (Chidester, 1962; and Griffis, 1972). 

Cryptocrystalline magnesite deposits.—Crypto- 
crystalline magnesite, also known as bone magnesite, 
occurs as nodules, veins, and stockworks in ser- 
pentinized zones of ultramafic rocks; it also is 
found as small deposits in tuffs. Bone magnesite 
resembles unglazed porcelain and generally is dead 
white but locally is tinted gray, green, or pink. 
Impurities include serpentine, enclosed in or bor- 
dering nodules and associated vein minerals, as well 
as opal, chalcedony, several hydrated magnesium 
silicate minerals, and rarely calcite or dolomite. 
Bone magnesite itself may contain traces to small 
percentages of lime and iron. 

Bone-magnesite deposits tend to be much smaller 
than crystalline deposits; the largest group of veins 
in the United States, at Red Mountain, Calif., origi- 
nally contained about 1 million tons of magnesite. 
Individual veins range from a few feet to hundreds 
of feet in length and depth, and from fractions of 
an inch to tens of feet in width. The wider veins 
tend to consist of separate magnesite nodules in 
serpentine. 

Most bone-magnesite deposits occur in ultramafic 
rocks in California, but several are known in Ore- 
gon and Pennsylvania. Deposits of bone magnesite 
replace bedded rhyolitic tuff in eastern Nevada 
(Davis, 1957; Bodenlos, 1950a; and Vitaliano, 
1951). 
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Sedimentary magnesite.—Sedimentary magnesite 
is a brown to gray carbonate rock which probably 
formed by evaporation. Individual beds may cover 
several tens of acres and range in thickness from 
inches to several feet. Such magnesite is inter- 
bedded with dolomite, clastic rocks, or strata of vol- 
canic origin. Although the grade of some sedi- 
mentary magnesite is high, the thin beds cannot be 
mined economically. Deposits are limited to several 
States in the Southwest (Rubey and Callaghan, 
1936; and Vitaliano, 1950). 


PROSPECTING 


Deposits of crystalline magnesite may be over- 
looked because magnesite differs from crystalline 
dolomite only slightly in luster and specific gravity. 
In some deposits, magnesite is more resistant to 
weathering than dolomite and hence forms bolder 
outcrops. Weathered surfaces may differ slightly in 
color from the weathered surfaces of dolomite. Talc- 
bearing crystalline carbonate rocks should be 
checked for magnesite, although tale also occurs in 
dolomite. Chemical or mineralogical tests thus may 
be needed to identify new prospects. 

Crystalline carbonate masses in ultramafic rocks, 
particularly if mixed with talc, probably consist of 
magnesite; such material weathers shades of rusty 
brown owing to its contained iron. 

Bone magnesite forms highly distinctive dead- 
white outcrops and float, perhaps associated with 
chalcedony and opal, which contrast like whitewash 
against the somber shades of the host ultramafic 
terrane. 

Sedimentary magnesite perhaps is the most diffi- 
cult type of magnesite deposit to recognize, because 
it has no clearly distinguishing physical features or 
characteristic geological associations. 


GENESIS 


Most carbon dioxide needed to form magnesite 
deposits probably was derived from deep-seated ig- 
neous sources, although some may have been fur- 
nished through thermal dissociation of underlying 
carbonate rocks; a very small amount may have 
been carried by ground water. Ultramafic rocks 
furnished the magnesia now found in their con- 
tained magnesite deposits, but the source of mag- 
nesia in crystalline deposits in dolomite is less 
certain. One hypothesis proposes that the magnesia 
was produced during thermal dissociation of under- 
lying dolomite. Another hypothesis suggests that 
crystalline magnesite deposits are metamorphosed, 
recrystallized lenses of sedimentary magnesite, but 
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this hypothesis does not explain the obvious replace- 
ment nature of many if not most crystalline de- 
posits (Faust and Callaghan, 1948; Schilling, 1968; 
Vitaliano and Cleveland, 1966; Bodenlos, 1950a, 
1954; and Lovering, 1969). 

Sedimentary magnesite in the southwestern States 
formed in closed basins and therefore is of evapor- 
ite origin. 


BRUCITE 


Brucite [Mg(OH.)] in minable concentrations 
rarely is found. Two such deposits are associated 
with magnesite at Gabbs, Nev.; there the mineral 
occurs as lenses of massive white to light-brown 
material resembling old-fashioned laundry soap, 
which is soft enough to scratch with the fingernail. 
Impurities include veinlets and grains of dolomite, 
magnesite, tale, forsterite, and periclase; the de- 
posits also are cut by igneous dikes. The deposits 
lie close to a stock of granodiorite postdating mag- 
nesite deposition, suggesting that the intrusive 
locally drove off carbon dioxide in magnesite and 
formed magnesium hydroxide. 

Besides the Gabbs occurrence, brucite has been 
found within the United States, in small amounts 
only in New Mexico (Schilling, 1968; Davis, 1957) 
and Arizona (Ericksen, 1969). 


OLIVINE 


Olivine [(MgFe). SiO,] is a common mineral in 
quartz-free igneous rocks; its magnesium-rich va- 
riety, forsterite, forms the rock called dunite. For- 
sterite alters readily to serpentine minerals; thus, 
masses of fresh dunite are not common. Within the 
United States, fresh dunite makes up most of the 
Twin Sisters Mountains, east of Bellingham, Wash., 
and it occurs as smaller masses in North Carolina 
and Georgia (Stuckey, 1965; Moen, 1969). 


OTHER SOURCES 


Deep-well brines in Michigan and in other States 
have provided recoverable magnesium compounds, 
and the brines of Great Salt Lake are under devel- 
opment for the same purpose. (See “Evaporites and 
Brines.”’) Magnesium compounds are extracted from 
sea water in recovery plants on the Atlantic, Pacific, 
and Gulf coasts, the annual rated capacity of which 
in 1970 was 570,000 tons MgO. Dolomite is quarried 
in various States. Dolomite used to recover mag- 
nesium metal formerly was quarried in Connecticut, 
New York, Ohio, Michigan, Mississippi, and Wash- 
ington. Deposits of evaporite minerals in New 
Mexico remain largely untapped as a source of 
magnesium-bearing compounds. 
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RESOURCES 
IDENTIFIED AND HYPOTHETICAL RESOURCES 


Magnesium resources in sea water are practically 
unlimited, and those in magnesium-bearing evapor- 
ites, dolomite, and dunite are enormous. Magnesium 
resources contained in interior saline lakes and seas 
must total billions of tons, and it is judged that 
deep-well brines contain large tonnages of mag- 
nesium salts. Identified resources in the magnesite 
deposits of the world total 12 billion tons; those in 
the brucite deposits of the world, several million 
tons. 

The apparent reserve of magnesite of the United 
States in 1970 was placed at 65 million tons (Paone, 
1970), about equal to the national reserve in 1960 
(Comstock, 1963). Data are not available to deter- 
mine what fractions lie in recoverable and subeco- 
nomic resources, but probably less than half of the 
identified resource is commercially recoverable under 
present prices and required grades. Hypothetical 
resources are limited to unexplered magnesite at 
depth below known deposits. Perhaps 20 million 
tons of subeconomic resources seems a reasonable 
estimate. 

Recoverable resources of magnesium chloride in 
Great Salt Lake are said to exceed 600 million tons. 
Resources of fresh dunite in Washington State total 
billions of tons, and those in North Carolina total 
more than 200 million tons. Recoverable resources 
of brucite remaining in the Nevada deposits are 
said to be small, probably not more than 1—2 million 
tons. At least an additional several tens of millions 
tons of magnesite constitutes a subeconomic re- 
source within the magnesite-tale deposits in Ver- 
mont. 

A recent compilation set the apparent world re- 
serve of magnesite at 9.4 billion tons, exclusive of 
small reserves in several countries (Paone, 1970). 
To this should be added 300 million tons of crystal- 
line magnesite in Brazil (Bodenlos, 1950b, 1954) ; 
240 million tons of magnesite in the Sudan (White- 
man, 1971); 100 million tons of magnesite in 
Canada, which consist of magnesite-tale-quartz rock 
replacing dunite; and 2,000 million tons of talc-rich 
magnesite at Savinsk, in eastern Siberia, the host 
rock of which is unreported (Industrial Minerals, 
1970). Total identified resources consist largely of 
crystalline magnesite associated with dolomite; but 
at least 1 billion tons consists of crystalline mag- 
nesite replacing dunite, and perhaps more if the 
Siberian occurrence lies in such rock. Identified re- 
sources of bone magnesite are not well known, but 
older compilations indicate that they are on the 
order of several tens of millions of tons. Notwith- 
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standing, bone magnesite is at present being mined 
at a rate of more than 1 million tons per year, so it 
is likely that past resource estimates of bone mag- 
nesite were conservative. 

Although magnesium-bearing evaporite minerals 
are not covered in this chapter, the tachyhydrite 
deposits of Sergipe, Brazil, must be cited as a large 
new resource; R. J. Hite reported that the upper 
zone alone contains about 4 billion metric tons of 
the mineral, equivalent to 380 million tons of mag- 
nesium metal (U.S. Geol. Survey, 1970, p. A216; 
Wardlaw, 1972). Similar deposits also have been 
found in Gabon and Zaire, Africa. Tachyhydrite 
(CaMg.Cl,-H.O) is so soluble, even in drilling 
brines, that its occurrence may have been overlooked 
in other evaporite sequences. 


SPECULATIVE RESOURCES 

Crystalline magnesite deposits are not common. 
Areas favorable for their occurrence are carbonate 
rocks near igneous intrusions, which in the United 
States were thoroughly searched without success 
during World War II. Probably nearly all deposits 
of crystalline magnesite in Europe have been found, 
but undiscovered deposits undoubtedly exist on 
other continents. Because such deposits tend to be 
large, any one discovery could add from tens to 
hundreds of millions of tons to the world’s resources. 

Crystalline and bone magnesite deposits in ultra- 
mafic rocks are globally widespread. Bone magnesite 
outcrops are conspicuous; therefore, most near- 
surface deposits probably have been found, even in 
remote areas. Ore bodies undoubtedly exist that do 
not crop out; targets for exploration should include 
serpentinized shear zones in relatively unaltered 
masses of peridotite, particularly where the ser- 
pentine is veined by chalcedony or opal. Deposits of 
crystalline magnesite in ultramafic rocks evidently 
are very rare, but most seem to be very large al- 
though low in grade. Undoubtedly more will be dis- 
covered. in those parts of the world not yet fully 
geologically mapped. 


PROBLEMS FOR RESEARCH 


Industrial technology successfully developed 
methods to recover magnesium-bearing compounds 
and the metal from a wide variety of natural re- 
sources. Efforts are continuing to produce stronger 
refractories, to increase the efficiency of recovery 
processes, and to develop new magnesium-bearing 
alloys. 

The geology of magnesium-bearing mineral de- 
posits is reasonably well known. Not enough is 
known, however, about the genesis of deep-seated 
magnesium-rich brines. The world’s resources of 
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bone magnesite should be reappraised in view of 
current demand for that raw material as a dead- 
burned refractory. 
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ABSTRACT OF CONCLUSIONS 


Known minable reserves and known resources of man- 
ganese are very large in relation to world consumption but 
are very irregularly distributed throughout the world. The 
United States has virtually no domestic reserves and its 
known resources are both very low grade and refractory to 
economic concentration. The principal hopes of finding do- 
mestic reserves or resources of conventional types may lie 
in (1) finding the source of the manganese of the Pierre 
Shale, conceivably buried under Pleistocene sedimentary 
rocks in central or western Minnesota or adjacent areas; (2) 
finding another Molango-type deposit by careful analysis of 
the distribution of manganese in certain miogeosynclinal 
carbonate rocks; or (3) finding the source of the high man- 
ganese concentrations in the Salton Sea brines. Much more 
promising modes of relieving dependence on foreign sources 
are by vigorously attempting to perfect techniques of ef- 
fectively exploiting sea-floor nodules and by dissolving legal 
impediments to large-scale investment in subsea mining. 
Maintenance of an adequate national stockpile is essential. 

With respect to world resources, efforts should be made to 
explore the sedimentary high-grade manganese carbonate 
bodies, which through weathering have given rise to over- 
lying rich supergene oxide deposits, in order to establish 
the tonnage and grade of material that will be available for 
use when oxide deposits are depleted; the tonnage is prob- 
ably great. There is some possibility that deposits without 
the oxidized cap might be found in eugeosynclinal belts in 
the North American Shield areas. 


INTRODUCTION 


Manganese, a metal rarely seen in elemental form, 
is essential in two ways to the manufacture of steel: 
(1) used as a scavenger in molten steel, it combines 
with sulfur and oxygen, which make steel brittle, and 
removes them as part of the slag; (2) used as an 
alloy, it makes steel more resistant to shock or abra- 
sion. It is used also in the chemical industry and, in 
dioxide form, as a depolarizer in dry batteries. More 
than 90 percent of the consumption in the United 
States is by the steel industry, and no substitute has 
yet been found despite much effort. About 13-20 
pounds of manganese is consumed per ton of steel 
manufactured; therefore the element is essential to 
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the whole industrial capacity of the world. When we 
can do without steel, we can do without manganese. 

Manganese is introduced in the steel-making proc- 
ess primarily as the alloy ferromanganese (about 78 
percent Mn, 15-18 percent Fe), as spiegeleisen 
(about 15-20 percent Mn, the rest largely Fe), as 
silicomanganese (about 66 percent Mn, 12-20 per- 
cent Si), or as manganese metal added to the con- 
verter of whatever type may be used or to the ladle. 
Ferromanganese, which accounts for more than 75 
percent of consumption, is made by smelting an ore 
with a Mn/Fe ratio of 7:1 or greater. For a succinct 
discussion of the consumption, uses, and processes 
involved in the manganese industry, the reader is 
referred to the manganese chapter in the U.S. Bu- 
reau of Mines publication “Mineral Facts and Prob- 
lems’ (Sheridan, 1970). 

The United States is now completely dependent 
upon foreign sources of manganese, for the last 
domestic manganese mine closed in 1970. 

Salient data from U.S. Bureau of Mines Minerals 
Yearbooks on domestic and world production of man- 
ganese ores and domestic consumption of ferroman- 
ganese and imports of these materials are given in 
table 74. 


TABLE 74.—Production, imports, and consumption of man- 
ganese ore and concentrates and ferromanganese, 1966, 
1970, and 1971, in millions of short tons 


1966 1970 ©1971 


Ore and concentrates: 
Domestic production, >35 percent Mn--_-- 0.0 
World production, >30 percent Mn ----- 19.1 
Imports, >35 percent Mn --_---_------~- 2.6 


Ferromanganese: 
Domestic consumption ------------------- 1.0 1.0 9 
Imports for consumption --_------------- -25 29 -24 


Principal suppliers of manganese ore to the United 
States in 1971 were (in order of importance) : Brazil, 
Gabon, Republic of South Africa, Zaire (ex-Kinshasa 
Congo), and Ghana. Principal suppliers of ferroman- 
ganese were the Republic of South Africa, France, 
and India, in that order. In 1970, manganese ore was 
produced by 40 countries, of which 11 produced 96 
percent, six produced 84 percent, and three produced 
63 percent. With the exception of a few hundred tons 
of ferromanganese imported from Yugoslavia, none 
of the U.S. manganese supply in 1971 came from the 
socialist countries. 


EXPLOITATION 


The necessity for manganese in the steel-making 
process to avoid brittleness in the steel was recog- 
nized in 1856 by Mushet, whose discovery made the 


Bessemer converter practical. Since then, increasing 
world production of manganese has closely paralleled 
that of steel. In the middle of the 19th century, the 
United States was largely self-sufficient in man- 
ganese. Major deposits were found in the U.S.S.R., 
Brazil, and India in the late 19th century, and large 
deposits were found in Africa, Brazil, Cuba, and 
Mexico in subsequent decades. The most recent sig- 
nificant discoveries were those in Amapa, Brazil 
(>30 million tons), and the Kalahari basin, South 
Africa (>3,000 million tons), in the 1940’s, in Gabon 
(200 million tons) in the 1950’s, and at Groote Ky- 
landt in Australia (about 75 million tons) in the 
1960’s; the carbonate deposits of Molango, Mexico 
(>15 million tons), were also discovered in the 
1960’s. Despite unparalleled consumption since World 
War II, known reserves of commercial-grade ore are 
now far greater than at any time in the past; the 
grade of the ore used is nearly as high as it ever was, 
and the price is lower in constant dollars than for 
many years. 

Production from various sources in the United 
States in the 20 years from 1943 to 19638, the period 
of maximum production, is shown in figure 45. It 
should be remembered that the curve entitled “‘Low- 
grade purchases for stockpile’ represents noncom- 
mercial manganiferous material, most of which con- 
tained 15-17 percent manganese, that was then and 
is still unusable as a source of manganese without 
concentration. This production, the carlot purchases, 
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cal grade), 1943-68, distributed according to sources of 
output. Modified from Brooks (1966, p. 75). 
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and the Nevada production for stockpile, the latter 
two of commercial grade, were heavily subsidized. 
The declining production before the subsidy ended 
clearly indicated that most known deposits were un- 
economic even at the subsidized prices. No important 
domestic discoveries have been made since, and 
domestic production since 1963 has been very small, 
largely from Montana and New Mexico. 

Much metallurgical research has been done in the 
United States and Canada to make feasible the ex- 
traction of manganese from the low-grade ores of 
those countries and from slag piles from open-hearth 
furnaces; techniques are available to do this at a 
price two to five times the present world price for 
manganese. 

Most manganese ore now produced in the world 
comes from large open-pit mines; underground mines 
still produce in countries with low wage scales or 
where the ore zone is thick, permitting efficient 
underground operation, as at Molango, Mexico, and 
in the Chiatura field in the U.S.S.R. Mining methods 
are standard. Concentration in most areas consists of 
relatively simple washing, screening, or jigging to 
remove clay, sand, or other contaminants. Hand sort- 
ing, however, still exists in some mines in South 
Africa and India. The first pelletization plant for 
fine ore is scheduled to begin producing in Brazil in 
1972; heretofore such fine material has been stock- 
piled, sintered, nodulized, or discarded, as lumpy ore 
is needed in ferromanganese production. 


Except for the manganese carbonate mines in Mon- 
tana and a few small mines in the Western United 
States in which base or precious metals were co- 
products or in which the manganese was a byproduct, 
most manganese mines are exploited only for that 
metal. In the future, when the mining of manganese 
nodules from the sea floor becomes technologically 
and economically feasible, copper, nickel, and cobalt 
will certainly be produced as well as manganese. Ex- 
traction of the valuable metals would probably be by 
hydrometallurgical and electrolytic techniques. 

As in all mining operations where there is no legal 
obligation or economic stimulus for preservation of 
the environment, manganese mining results in mine 
dumps, tailings piles, rapid erosion of mined-out 
areas, and large pits. Except for increased sediment 
load and siltation, manganese mining does not cause 
water pollution. 


The only environment-restoration effort seen by 
the senior author in visits to hundreds of manganese 
mines on four continents was being carried on at the 
enormous Nikopol open-pit mines in the U.S.S.R. 
There the rich black topsoil of the Ukraine was care- 
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fully removed, the sterile rock overburden replaced 
after the underlying manganese bed had been ex- 
tracted, and the topsoil replaced. After 3 to 4 years, 
orchards or grain were planted and seemingly throve. 
Lakes, which had been landscaped, had formed in 
some of the older unrestored large pits. Clubhouses 
had been built, and the lakes were used for outboard 
motorboats, water sports, and fishing by the miners 
and their families. Thus, the land was withdrawn 
from productive agriculture only for about 5 or 6 
years and theretofore-absent recreational facilities 
were developed. Well over 100 million tons of ma- 
terial is moved each year in these mines. The geology 
of the Nikopol area makes such restoration rela- 
tively easy, and the fertility of the soil makes 
restoration economic for an integrated economy. 

The reduction of manganese ore to ferromanga- 
nese is commonly accompanied by much air pollution 
unless special equipment is installed to prevent this. 
Fumes high in MnO, are said to be very toxic and to 
cause a high incidence of respiratory disease. 

Extraction of deep-sea nodules should cause little 
if any significant damage to the envidonment; in 
fact, the bottom water that is brought to the sur- 
face in hydraulic mining is higher in nutrients and 
will support a more numerous and broader flora and 
fauna than the surface water. Properly planned hy- 
drometallurgical extraction should cause no serious 
pollution problems. 


GEOLOGIC ENVIRONMENT 
GEOCHEMISTRY AND CRUSTAL ABUNDANCE 


Manganese (Mn) constitutes about 0.1 percent of 
the earth’s crust and is the 12th most abundant ele- 
ment. It is more abundant in mafic rocks, averaging 
about 0.16 percent, and less abundant in granitic 
rocks, averaging perhaps 0.06 percent. Deposits that 
were economic at 1971 prices contained between 25 
and 50 percent manganese; thus the element must 
have been concentrated by natural processes 250- 
500 times the normal background to form an eco- 
nomic ore deposit. 

The geochemical characteristics of manganese are 
very similar in many ways to those of iron; there- 
fore some manganese deposits are closely related to 
iron deposits, and some contain considerable quanti- 
ties of iron. 

Manganese commonly occurs in nature in three 
valence states: +2, +8, +4. The ionic radius of 
bivalent manganese is close to that of bivalent iron 
and calcium; manganese ions may substitute for 
iron ions in ferrous minerals. Indeed, almost all the 
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manganese in igneous rocks occurs in such diadochic 
substitutions, largely in mafic minerals. True man- 
ganese minerals are most rare in such rocks. Mafic 
minerals break down readily under weathering, and 
the contained ionic manganese is liberated. Under 
reducing or near-neutral conditions, bivalent man- 
ganese is relatively soluble and is commonly trans- 
ported by subsurface or surface waters to sites 
where for some reason the waters have higher oxy- 
gen content. There the mnaganese may be deposited 
at higher valences in the relatively insoluble oxide 
form. Given proper conditions, the manganese may 
also be deposited in bivalent carbonate form. Bi- 
valent manganese may also substitute for the cal- 
cium ion in limestone or dolomite, forming man- 
ganoan limestone or dolomite or deposits of even 
more complex manganiferous carbonate minerals. 

Voleanic rocks subjected to large-scale alteration, 
such as molten lava extruded into relatively shallow 
sea water or solid volcanics altered by hydrothermal 
solutions, may also lose considerable quantities of 
manganese by destruction of mafic minerals. The 
manganiferous solutions may then transport the 
manganese to sites where the ambient conditions 
abruptly change because of variations in wallrock, 
redox potential, intermixing ground water, rapid 
cooling, or other factors. There the manganese may 
be precipitated in veins, replacement deposits, or 
hot-spring deposits, or, in marine or lacustrine 
basins, as sedimentary deposits. 

Manganese derived from cooling magma tends to 
concentrate in pneumatolytic and hydrothermal 
solutions. Pegmatites locally contain a widely vary- 
ing suite of complex manganiferous minerals of no 
economic interest as a source of manganese. In 
veins and replacement deposits of magmatic origin 
deposited at relatively low temperatures, manganese 
as the carbonate or silicate may replace wallrocks 
or form the gangue of precious- and base-metal 
deposits, as at Leadville, Colo., Pioche, Nev., and 
Philipsburg, Mont. In many localities the manganese 
occurs in zones outside the main center of base- or 
precious-metal deposition. The manganese so de- 
posited may be produced as a byproduct or coprod- 
uct of the base-metal mining, as at Butte, Mont. 
Low-temperature veins of manganese oxide are also 
formed from such solutions, but these are of minor 
economic significance. 

Manganese may be carried to lakes or the sea in 
ionic solution or in colloidal or very finely particu- 
late form. Certain bacteria precipitate manganese 
as part of their life cycle, and bog and some lake 
deposits apparently are due to such organic action. 
Other lake or basin deposits are apparently due to 
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sudden increases in the oxygen content of the water, 
typically in near-shore environments, resulting in 
long narrow deposits of manganese oxides closely 
related to facies changes of the host sedimentary 
rocks. Manganese that reaches the sea may be do- 
posited in a platform or near-shore environment, 
either as rather pure manganese oxide mixed to a 
greater or lesser extent with detrital terrigenous 
sediments, or as manganese carbonate or complex 
manganese-calcium-magnesium carbonate minerals 
if the’ environment is more reducing. 

The exact environmental conditions causing the 
deposition of such sedimentary manganese in any 
particular spot have never been satisfactorily ex- 
plained. We know the general mechanism and en- 
vironment of deposition but not the localizing fac- 
tors; that is, we often know how a deposit was 
formed but not why it was formed in a particular 
spot and not in some other spot. This is a critical 
question for the economic geologist. 

Many deposits of sedimentary and other origins 
are in rocks later subjected to metamorphism. If 
the original deposits are relatively pure oxides or 
carbonates, they remain generally unchanged; if 
intermixed alumina and silica are available, the 
original manganese reacts with them to form bodies 
of recrystallized manganese oxide or carbonate with 
some intermixed manganiferous silicates. Examples 
are the oxide deposits of the Central Provinces of 
India and the manganese carbonate bodies of Ghana 
and Brazil. If the original deposit is high in inter- 
mixed alumina and silica, all the original manganese 
carbonate or oxide reacts with the impurities to 
produce extensive zones of manganese silicates, 
called gondite, useless for industrial purposes and 
from which only small and low-grade secondary 
deposits form. 

In the deep sea, and locally at the intermediate 
depths, where sedimentation of detrital and organic 
material is very slow, nodules containing from about 
10 to 35 percent manganese and from 5 to 35 per- 
cent iron cover extensive areas. Some believe that 
most of the manganese in these nodules is derived 
ultimately from terrigenous sources; others believe 
that contributions from submarine volcanic activity 
are large. The manganese in these nodules commonly 
occurs as complex oxide minerals. These nodules 
may be the ultimate sink for the manganese and 
iron and some other metals introduced into the sea 
water from rivers and submarine volcanics. Their 
equivalent has not been recognized in land deposits, 
but their included metals may be recycled as sea-bed 
deposits which are carried to great depths in the 
mantle in subduction zones and there are melted to 
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form new igneous rocks with associated ore bodies, 
completing and renewing the geochemical cycle. 
Thus may be explained the association of voleano- 
gene manganese with volcanic rocks ringing the 
Pacific. 

To summarize, the manganese in the earth’s ore 
deposits originated from manganiferous mafic min- 
erals in igneous rocks or from magmas, being re- 
leased by weathering and hydrothermal alteration 
of those minerals or by fluids driven off from the 
crystallizing magma. The manganese was carried to 
the site of deposition in very dilute solution and 
was there deposited in significant concentration be- 
cause abrupt change of the environment rendered 
the dissolved manganese insoluble. Changes in the 
oxidation-reduction potential were probably the most 
important control in the precipitation of manganese. 
There is reason to believe that biologic agents were 
involved in deposition of major carbonate-facies 
manganiferous sedimentary deposits, but there is 
no evidence of this for major oxide-facies deposits. 

Much disagreement exists as to the relative im- 
portance of the various sources of manganese dis- 
cussed above; the enormous size of the major sedi- 
mentary deposits strains the capacity of direct con- 
tribution from volcanic or magmatic sources. The 
lack of volcanic rock closely associated with such 
major deposits makes the weathering of igneous 
rock a more likely source of manganese for the 
larger deposits. The manganese in the higher grade 
deposits has in many instances been through at 
least two stages of natural concentration: (1) its 
original deposition and (2) subsequent weathering 
of low grade deposits, particularly the carbonates, 
that removed dilutents. 


TYPES OF MANGANESE DEPOSITS 


Primary manganese deposits may be classified 
into three types—sedimentary (including sea-floor 
nodules), voleanogene, and hypogene—that to some 
extent are intergradational. All are modified to 
greater or lesser extent by supergene processes; in 
oxide form, manganese is less soluble than many 
other elements and is concentrated in the zone of 
weathering. 


MANGANESE MINERALS 


Table 75 shows the more common manganese min- 
erals formed in these various environments. 


SEDIMENTARY DEPOSITS 


A distinction must be made between sedimentary 
deposits of manganese laid down as carbonates and 
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TABLE 75.—Common manganese minerals 


[Supergene mineralogy essentially the same regardless of type or origin 
of protore except possibly nsutite] 


Supergene minerals 


Birnessite 1 
Todorokite * 
Chalcophanite * 
Manganite 2 
Lithophorite 2 


Pyrolusite ! 

Cryptomelane 4 

Psilomelane 1 

Coronadite 1 

Nsutite! (carbonate source) 


Metamorphic minerals 


[Metamorphic mineralogy is largely dependent on metamorphic grade 
and rock composition. Many oxides and rhodochrosite remain intact 
during metamorphism in environments low in Al and Si. Many primary 
oxides stable in low-grade metamorphism] ) 


Manganite °? Rhodochrosite 4 

Bixbyite? (all grades) Rhodonite ® 

Braunite* (all grades) Spessarite ® 

Hollandite 2 (all grades) Tephroite® (higher grades) 
Hausmannite* (higher grades) Other Mn silicates ® 
Jacobsite® (higher grades) 


Hypogene Minerals 


Jacobsite ® 

Hausmannite ? 
Rhodochrosite * 
Mn-Fe-Mg-Ca carbonates 
Black calcite 4 


Pyrolusite 1 
Cryptomelane 4 
Psilomelane 1 
Birnessite 1? 
Coronadite 1 


Hollandite 3 Rhodonite ° 
Braunite ? 
Volecanogene minerals 
Pyrolusite 1? Mn-Fe-Ca carbonates 
Psilomelane 1? Neotocite > 
Braunite * Bementite > 


Hausmannite ® Mn silicates 


Rhodochrosite ¢ 


Sedimentary minerals 


Braunite > 

Rhodochrosite # 

Mn-Fe-Mg-Ca carbonates 
Black calcite * 

Mn in lattice of magnetite and 


Pyrolusite 1 
Cryptomelane ! 
Psilomelane 1* 
Birnessite 1* 
Todorokite 1* 


Manganite 2 Fe silicates and carbonates 
1 Higher oxide. 5 Silicate. 
2 Hydroxide. 8 Other. 


38 Medium and lower oxide. * Nodule minerals. 


4 Carbonate. 


those deposited as oxides. In all instances for which 
data are available, major deposits of high- and 
medium-grade primary manganese carbonate are 
known to be closely associated with carbonaceous 
or graphitic rocks, often rather clayey, indicating 
a strongly or moderately reducing sedimentary en- 
vironment, in many examples in closed basins. Pri- 
mary oxide deposits, on the other hand, are more 
commonly associated with coarser clastic sediments 
with little or no free or organic carbon, indicating 
nearshore and strongly oxidizing conditions with 
relatively free circulation of water. The Ukrainian 
deposits in the U.S.S.R. are unique in that the inter- 
tonguing transition from oxide facies to carbonate 
facies can be observed to occur basinward over 
distances ranging from some hundreds of meters 
to a few kilometers. In Precambrian and lower 
Paleozoic rocks, sedimentary manganese deposits 
may be closely associated in space and time with 
iron-formation; oxide-facies manganese deposits 
may be interbedded with oxide-facies iron-forma- 
tion, whereas the carbonate-facies deposits tend to 
be separated stratigraphically (as at Moanda, 
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Gabon) or spatially (as in Minas Gerais, Brazil) 
from the (usually) carbonate-facies iron-formation. 

Most large sedimentary deposits of manganese 
were deposited in sea water, as indicated by fossils 
and associated rocks. Many smaller deposits, gen- 
erally oxide facies, were formed near the shores of 
fresh-water lakes, as indicated by fossils (Autlan, 
Mexico, and some deposits in Chile). Some sedi- 
mentary manganese oxide deposits are closely asso- 
ciated with gypsum and may well have formed near 
the shores of closed evaporite basins (Three Kids, 
Nev.; Lucifer, Mexico; and possibly some Chilean 
deposits) . 

The most favorable host rocks for carbonate-facies 
sedimentary manganese deposits seem to be eugeo- 
syneclinal sediments with associated tuffaceous and 
limy rocks or platform limestones or dolomites, de- 
posited in local sea-floor depressions. The deposits 
in the eugeosynclinal sediments are commonly com- 
posed of rhodochrosite and to varying degrees are 
diluted by clastic rocks, whereas those deposited 
with platform or miogeosynclinal carbonates com- 
monly contain manganoan calcite or dolomite or 
complex calcium-magnesium-manganese carbonates 
and are rarely diluted by clastic sediments. The 
large deposits of very low grade manganoan car- 
bonate rock, containing from half a percent to a few 
percent manganese, are commonly miogeosynclinal 
or platform deposits and do not characteristically 
contain free carbon. Carbonate-facies iron-formation 
may locally contain several percent manganese, 
probably present as manganoan siderite. 

Sedimentary deposits are characteristically stra- 
tiform and have widely varying degrees of lenticu- 
larity. In many places, particularly the oxide depos- 
its, these lenses are much longer than wide. Some 
extend for many kilometers, as in the Ukraine and 
in the Kalahari Basin, South Africa, but more com- 
monly the lenses are a few hundred meters to a 
few kilometers long and a few tens of meters to a 
kilometer or more wide. In many deposits the 
manganese is in a single bed; in others, such as 
Chiatura, U.S.S.R., and Urucum, Brazil, the man- 
ganese is in several separated beds. Thickness of 
the beds ranges from a hairline to about 30 meters; 
except in the Kalahari field, few ore-grade primary 
oxide beds are more than 3 meters thick. High-grade 
carbonate beds tend to be thicker but to be smaller 
in areal extent. Low-grade manganoan dolomite or 
limestone may be very thick and very extensive. 

The grade of the sedimentary manganese deposits 
also varies widely. Few unenriched oxide beds con- 
tain more than 50 percent Mn; more contain between 
40 and 50 percent, and probably most contain be- 


tween 25 and 40 percent Mn before beneficiation. 
Few beds containing less than 25 percent Mn are 
now mined. The carbonate beds are lower grade 
because manganese carbonate contains only 47.8 
percent Mn at theoretical purity, which is rarely 
found; 35 percent Mn is considered to be high grade 
for manganese carbonate in place, and most beds 
contain between 15 and 30 percent Mn. 

Workable sedimentary manganese oxide deposits 
range upward in size from a few tens of thousands 
of tons. There are many such deposits with less than 
a million tons, a substantial number with reserves 
between 1 million and 10 million tons, several with 
reserves between 10 million and 200 million tons, 
and three known areas with even larger reserves, 
ranging into the billions of tons. The Ukranian and 
the Kalahari deposits each are known to exceed 3 
billion tons, and indications are that they may be 
several times this size, there is no economic incentive 
to prove such larger reserves. 

No really large deposits of carbonate-facies man- 
ganese ores of ore grade are now known, but ex- 
ploration of such bodies has rarely penetrated far 
below the zone of weathering, and this resource is 
poorly known. High-grade oxide ore resulting from 
the weathering of such beds rarely occurs in bodies 
of more than 50 million tons, the most productive 
districts being the Nsuta deposit in Ghana, the 
Serra do Navio deposits in Amapa and the Meri- 
dional deposits in Minas Gerais, Brazil, and the 
Kisenge deposits in Zaire. The Moanda deposit in 
Gabon, by far the largest of this type yet discovered, 
has reserves of about 200 million tons of high-grade 
secondary oxide ore. In many but not all such de- 
posits, it may be presumed that the resource of un- 
altered manganese carbonate at least equals the ton- 
nage of oxide formed from it. 


MANGANESE NODULES 


An enormous potential future source not only of 
manganese but also copper, cobalt, and nickel is on 
the ocean floors in the form of discrete nodules, 
locally welded together to form a pavement. Despite 
much research into the nature, composition, and 
distribution of these nodules, particularly since 
sophisticated cameras and light sources permitted 
photographing the sea floor, our knowledge of this 
resource is in its infancy. In the last decade several 
tens of millions of dollars have been spent by indus- 
try and some governments in locating favorable 
areas and in an attempt to develop modes of sub- 
marine mining and extraction of the valuable metals 
from the nodules. Within a decade or less, if political 
obstacles can be overcome, economic extraction 
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might well become practical. Several major Ameri- 
can and foreign companies and governments are now 
engaged in scientific and technological research 
toward this goal. 

Extensive areas of the ocean floor have concen- 
trations of nodules that range from a few milli- 
meters to several tens of centimeters in diameter 
and are roughly spherical to ellipsoidal. The nodules 
are composed of roughly concentric layers of ma- 
terial of varying composition, largely oxides of iron 
and manganese, deposited around nuclei of broken 
nodules, fragments of volcanic ejecta or other clas- 
tie material, and, rarely, fossils. It is estimated that 
these nodules grow at the rate of 1-5 mm per million 
years. 

Nodules are most abundant and highest in tenor 
in parts of the oceans that receive minimal contri- 
butions of sediments; these are the deeper parts, 
ranging from about 2,500 meters to about 6,000 
meters in depth. Lower-grade deposits are found in 
great abundance on the Blake Plateau, off Florida, 
at much shallower depth. Although nodules buried 
in the sediments of the bottom are found, the first 
30 cm down from the interface is believed to con- 
tain about 65 percent of the useful material; the 
deposits should be envisioned as very widespread 
but very thin accumulations of consolidated nodules 
resting in and on a usually unconsolidated and very 
fine clay matrix. 

The metallic content of the nodules varies widely 
from ocean to ocean, regionally and to some extent 
systematically within the individual oceans, and 
from place to place within the regions. Variations 
in nodule population may be very abrupt. Various 
authors have presented generalized information on 
composition and population, but the detailed data 
on which mining plans and resource calculations 
can be based, resulting from prospecting in progress, 
are not publicly available. It is understood, how- 
ever, that areas, each of 2,600 square kilometers or 
more, have been located in which the nodules aver- 
age more than 25 percent Mn, 1.0 percent Cu, 1.0 
percent Ni, and 0.25 percent Co, with smaller values 
in other metals. The iron is not economically recov- 
erable. At 1972 prices, the value of the metals in 
such nodules would be more than $150 per dry ton. 
The richer areas may contain about 13,500 tons per 
square kilometer or even much more; the average 
in deposits of minable size would probably be sig- 
nificantly less. Although astronomical figures as to 
the total tonnage of nodules on the sea floor have 
been published, resources in areas having a minable 
population of nodules are probably far less, but still 
undoubtedly very large. Extraction of the metals 
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from the nodules demands innovative metallurgical 
practice; dredging of the nodules from great depths 
demands innovative mining practice. 

The genesis of these manganiferous nodules is 
hotly debated. Some oceanographers believe that the 
metallic content is derived from submarine volcan- 
ism or alteration of submarine volcanic rocks; 
others, that it comes from reactions in the upper 
part of the sediments by which the metals are re- 
leased during diagenesis of the sediments; and still 
others, that the metals are derived by subaerial 
weathering of the continental masses, being trans- 
ported to the ocean basins by rivers, and to the sites 
of deposition by ocean currents. The presence of ex- 
tensive deposits on the Blake Plateau on a limestone 
substrate, far from volcanic activity, suggests the 
third theory as the preferred model there. However, 
a sole source for all the deposits does not seem re- 
quired. 


VOLCANOGENE DEPOSITS 


Beause many small-scale and some medium-scale 
deposits of manganese are closely related in space 
and time to volcanism, the conclusion that such 
deposits are somehow genetically related to volcan- 
ism seems unavoidable. There is no general agree- 
ment as to the mechanism by which the manganese 
has been separated from the volcanic material and 
concentrated; several processes may be involved. 
This uncertainty, as well as the wide variation in 
types of deposits (ranging from clearly sedimentary 
to vein-type deposits) that are closely related to 
volcanism, makes use of the term ‘volcanogene”’ 
appropriate. This type of deposit is gradational both 
with the sedimentary type already discussed and 
with the hypogene type discussed below, and no 
clear-cut separation can be made. 

Voleanogene deposits are closely associated with 
volcanic rocks, of both pyroclastic and flow origin, 
and either subaerial or submarine. In many in- 
stances the pyroclastic rocks have been deposited in 
lakes or the sea and are closely associated with 
clastic and chemical sediments or with limestone. 

Major volcanic piles, such as those in eastern Cuba 
or the Olympic Peninsula in Washington, are fa- 
vored sites for this type of deposit. Peculiarly, al- 
though such piles may have a maximum thickness 
of thousands of meters, the manganese deposits in 
many of them are confined to widespread zones a 
few meters to a hundred meters thick, indicating 
that the concentration of manganese by volcanic 
processes or from the volcanic rocks was not a 
continuing and normal process but demanded spe- 
cial conditions, the nature of which remains uncer- 
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tain. The depth of the water into which submarine 
voleanics were extruded may be one governing fac- 
tor, for below a certain depth the confining water 
pressure is so high that included volatiles in the 
molten lava cannot readily escape. 

Because many volcanic piles and extensive areas 
of voleanic rock contain no concentrations of man- 
ganese, the mere presence of volcanic rocks is no 
indicator of potential manganese discoveries. Char- 
acteristically, however, if one manganese deposit is 
found in such rocks, many others will be found in 
the same general area. Commonly, one or two de- 
posits will be much larger and (or) higher grade 
than the others. Although deposits are known from 
continental voleanic rocks, the more important de- 
posits are found in a marine or lacustrine environ- 
ment, as in Mexico, Chile, and Cuba, and thus are 
really sedimentary deposits, in the strict sense of 
that term. 

Voleanogene deposits are commonly but not ex- 
clusively composed of the oxide minerals, and the 
mineralogy is usually somewhat more complex than 
that found in unmetamorphosed sedimentary de- 
posits without volcanic affiliation. Replacement of 
the diluting clastic and pyroclastic fragments in the 
ore horizon by manganese minerals is common; this 
seems to be a diagenetic feature in many places but 
may also be the result of supergene or hypogene 
alteration. In many such deposits, chert in small to 
rather large lenses accompanies, underlies, or over- 
lies the manganiferous material, which here may be 
the hydrous manganese silicates bementite and 
neotocite. These manganese silicates are not ore 
minerals. 

Deposits large enough to be economically interest- 
ing are commonly either sharply lenticular or strati- 
form; the larger ones are stratiform. Numerous but 
normally very small deposits may be associated with 
altered volcanic rocks and spilites. The voleanogene 
deposits interfinger with tuffaceous and (or) cal- 
careous sediments or cherty and jaspery rocks. 
Local unconformities and abrupt lithologic changes 
in the host rocks are common. 

Reserves in voleanogene deposits are character- 
istically small to medium in size. Very few deposits 
contain more than a million tons of recoverable ore, 
the largest probably being the Charco Redondo de- 
posit in Cuba, which has produced about 5 million 
tons, and the Autlan deposits in Mexico, which pro- 
duced about 4 million tons before exhaustion. Both 
are stratiform deposits. 

With some notable exceptions, such as the Cres- 
cent mine in the Olympic Peninsula, most such 
deposits are medium grade, and the ore must be 
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concentrated before shipment. 

As with many other types of ore deposits, the 
localization of volecanogene deposits is apparently 
caused by relatively abrupt and localized changes 
in the nature or environment of the fluids which 
brought the manganese to the site of deposition. 
For deposits such as those in the Olympic Penin- 
sula, the interface between the hot lava and the sea 
water into which it was extruded was the site of 
an abrupt change, and the manganese was depos- 
ited at and near that interface. For deposits such 
as Charco Redondo, the manganese evidently was 
transported some distance and deposited in a sedi- 
mentary environment with limestone and water- 
laid tuff. 

The sources of the manganese deposited in such 
bodies may be either fluids evolved from the magma 
at depth during volcanism, or, in small deposits such 
as those in the Olympic Peninsula, perhaps the al- 
teration of the rock as it reacted with the sea water. 


HYPOGENE DEPOSITS 


Myriad small and a few medium-sized deposits of 
manganese ores are of hypogene origin—that is, 
they were deposited directly from warm fluids ris- 
ing from sources deep in the earth. Some of these 
deposits merge into the voleanogene type, and it is 
impossible to be sure how closely they are related 
genetically to the volcanic rocks that enclose them. 
They also merge into the sedimentary type in that 
the fluids that brought the manganese into the ba- 
sins in which sedimentary ore deposits formed by 
the normal sedimentary processes are thought, in 
some instances, to have been thermal waters. 

The hypogene deposits occur in the same struc- 
tural setting as the base- and precious-metal depos- 
its with which they are often associated. Most are 
related to intrusive rocks, about which they are 
zonally arranged. They may take the form of veins, 
as at Butte, Mont., or replacement deposits in lime- 
stone or dolomite, as at Philipsburg, Mont. Another 
type, more abundant in the Basin and Range prov- 
ince of the United States and Mexico, is the vein 
deposit, predominantly in volcanic rocks. A few 
minor deposits are in the aprons of hot springs. 

Most of the vein deposits formed at relatively low 
temperatures. In most, the manganese is in oxide 
form, but in a few it is in carbonate form. The few 
known occurrences of manganese sulfide are typi- 
cally in veins. The replacement deposits may be in 
either oxide or carbonate form; carbonate deposits 
have commonly been oxidized at and near the surface 
by supergene action. 

Few vein deposits have been followed to consid- 
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erable depths; nearly all die out or change their 
nature at depths of a few tens of meters to a few 
hundred meters. Many veins reveal strongly increas- 
ing percentages of hematite or barite with depth, 
indicating a zonal pattern. A number of deposits in 
brecciated volcanic rocks consist of myriad small 
thin veinlets of nearly pure manganese oxide lining 
fractures in the host rocks. 

Replacement deposits of manganese carbonate are 
commonly in limestone or dolomite and tend to 
form tabular or pipelike shoots and irregular pods 
adjacent to faults or other conduits by which min- 


eralizing solutions gained access to host rocks. Per- | 


meability of the host rock is a major control; there- 
fore brecciated zones are favored. Replacement on 
a large scale is apparently confined to the more cal- 
careous rocks, although tuffaceous rocks are replaced 
locally. Hypogene manganese oxide deposits are 
more generally confined to veins, generally filling 
fissures but in some instances replacing fault gouge, 
breccia, or other particularly permeable zones in 
host rocks of various types. 

The vein deposits of manganese in the United 
States, Mexico, and Morocco have yielded a small 
tonnage of relatively high grade ore for many years. 
Locally such ore is rather low grade in the vein but 
can be hand sorted or mechanically concentrated to 
bring it to merchantable grade. Few such deposits 
yield as much as 100,000 tons; most contain a few 
tens to thousands of tons of salable ore. The replace- 
ment deposits may be much larger but generally are 
lower in grade, as at Leadville, Pioche, and Philips- 
burg. 

The hypogene ores are deposited from thermal 
fluids originating at depth in the earth. Undoubtedly 
some of these fluids are derived from crystallizing 
magma; others are probably heated ground waters 
that derived their metallic content while circulating 
through and altering preexisting rocks of diverse 
origin. As the fluids approach the surface, changes 
in their environment and chemistry make the man- 
ganese insoluble and it deposits on the conduit walls 
or, if the chemistry is favorable, replaces the wall- 
rocks. Experience has shown that there is little 
likelihood of finding significant hypogene oxide de- 
posits at depths of more than a hundred meters or 
so; carbonate deposits may be found at greater 
depths, usually associated with deposits of other 
metals. 


RESOURCES 


IDENTIFIED AND HYPOTHETICAL RESOURCES 


There is no lack of identified manganese resources 
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in the world today, but these resources are so dis- 
tributed that only one industrialized country, the 
U.S.S.R., is not almost completely dependent on 
imports for its supply. Table 76 gives the general 


TABLE 76.—World manganese ore resources, in millions of 


tons 
Conditional Hypothetical 
Country Reserves + resources ? resources 2 
North America: 
Canada ------__ Cat i 
uba’ y=2eL See 1(7) SGz) at? 2) Sse 
United States _- if 100(7) 
NEXICOME === 16+ 50+ (7?) 200(?) 
North America, 
totaly seco ee 16+ 1,210 300(7) 
Africa: 
South Africa —_- 3,000 3,000 (7) 2,000(7) 
200 Ss 40(?) 
5(?) 30(7) 10(7) 
— 2bCRE | weaws 
1(?) Wo Seto 
1(7?) Soe Boe 
1 6.01C¢7)) ee 
Africa, total —- 3,208 3,116 2,050(2) 
Europe, except 
USSR. 2(2) 1(?) 10(7) 
Australia and 
Oceania. 100 50(7) 50(?) 
USSR Europe and 
sia). 3,000 3,000(7) 3,000 (2?) 
Asia: 
(India s=ee eae 35 65 50(7) 
China __-------- 30(7?) 50(?) 100(?) 
Rest of Asia, 
except USSR. 5(?) ase? 100(72) 
Asia (exclud- 
ing USSR), 
total. 70 115 250(7) 
South America: 
Brazil 100 50 150(?) 
Bolivia eae 2(?) 10(?) 50(7) 
Chie vara 1 ee 10(?) 
South America, 
total. 103 60 210(7) 
Sea floor nodules ___ ae 200+ (7?) 5,000-++ (7) 
Rounded total. ~6,500 ~7,700 ~10,000 


1Tdentified deposits from which minerals can be extracted profitably 
with existing technology and under present economic conditions. 

2 Specific, identified mineral deposits whose contained minerals are not 
profitably recoverable with existing technology and economic conditions. 

3 Undiscovered mineral deposits, whether of recoverable or subeconomic 
grade, that are geologically predictable as existing in known districts. 


picture; firm data are available for few countries, 
and the figures presented are personal estimates 
based on evaluation of many sources, published and 
unpublished. Queried figures are particularly weak 
and could be wrong by an order of magnitude. Grade 
of most resources and of ore ranges from 25 to 50 
percent manganese. 


RESERVES 


Reserves are in bodies or districts being mined 
today. This category includes proved, indicated, and 
inferred reserves. 


CONDITIONAL RESOURCES 


Examples of conditional resources are the enor- 
mous deposits of manganiferous material deep in 
the Kalahari basin in South Africa that have been 
cut by a few deep drill holes. Very large easily acces- 
sible deposits are also available there, and accord- 
ingly exploitation of the deep beds in the foreseeable 
future is unlikely. Similarly, the sedimentary man- 
ganese carbonate deposits, ranging from 20 to 36 
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percent Mn, underlying the supergene oxide ores in 
Ghana, Brazil, and elsewhere are considered as con- 
ditional resources. Figures on the size of such bodies 
are very gross estimates indeed, for none have been 
explored to depth. Low-grade bodies of manganifer- 
ous rocks such as those at Artillery Peak, Ariz., and 
Aroostook County, Maine, are here included, al- 
though they probably will never be used. Also in- 
cluded are the Tambao deposits in Upper Volta, 
constituting 9 million tons of 50 percent Mn oxide 
ore plus possibly a greater amount of high-grade 
manganese carbonate, now without transportation 
facilities. 


HYPOTHETICAL RESOURCES 


Included as hypothetical resources are some de- 
posits about which too little is known to include 
them as identified resources, such as some reported 
in eastern Bolivia and western Brazil; that such 
deposits exist is known, but details of size and grade 
are not accurate enough to include the resource as 
identified. Similarly, a large area of the southern 
Ukraine is underlain by manganese deposits like 
those mined at Nikopol; their presence is said to be 
indicated by widely scattered drilling, but the possi- 
ble extent and grade of the whole resource are un- 
known, and given the enormous known reserve, there 
is no incentive to establish those facts. Clearly, esti- 
mates of such resources can be scarcely more than 
informed guesses—and not very well informed at 
that. 

The assumptions on which these estimates are 
based are: (1) sedimentary manganese deposits laid 
down in ashelf or platform environment may be very 
extensive, and (2) the possible extent may be judged 
from the continuity of the geologic environment as 
witnessed by the associated rocks, even though the 
manganiferous layer(s) are buried beneath younger 
rocks. Thus the Molango manganiferous zone is 
known for some 80 kilometers along strike, although 
it is below present ore grade for most of that dis- 
tance. Who can say what might be revealed by 
exploration back from the outcrop, which is a for- 
tuitous sample of a much more extensive mangani- 
ferous zone. 

Sedimentary deposits in small tectonic basins, 
such as some of the Moroccan deposits, cannot be 
thus extrapolated, nor can the spotty and relatively 
small hypogene or voleanogene deposits. Similarly, 
although small deposits of manganese oxide formed 
by the weathering of manganiferous dolomite or 
limestone, such as those along the west foot of the 
Blue Ridge in the Appalachians, remain to be discov- 
ered, what will be the cost and the expectable eco- 
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nomic return? Such small deposits are not here 
included. Some districts with residual ore of this 
type, such as the Postmasburg district in South 
Africa, have produced millions of tons although 
known reserves probably never exceeded half a mil- 
lion tons and are here included on the basis of past 
productivity. 

The sea-floor nodules, of course, will represent a 
great resource of manganese and some other metals 
when problems of extraction, metallurgical treat- 
ment, and legal status have been solved. The true 
extent of this resource is not yet even approximatly 
known, but exploration is continuing, and the re- 
source may well eventually reach billions to tens of 
billions of minable tons. Resource data on nodules 
given in table 76 are subject to gross modification. 

Table 77 gives details of resources and grade of 
known significant deposits of manganiferous rock 


TABLE 77.—Major identified manganese resources* of the 
United States 


[In millions of long tons. Data slightly modified from Pavlides, (in Hewett 
and others, 1956, p. 214) ] 


Average 
Raw grade Contained 
District material (percent n 
Mn) 
Cuyuna Range, Minn --___--__ 450 5 22.5 
Aroostook County, Maine ____ 280 9 25.2 
Chamberlain, S. Dak ________ 69 15.5 10.7 
Artillery Peak, (Ariz passes == 156 4 6.2 
'Pioches#Ney, se = Sexe 2 3 10 0.3 
Meadvilleta Colowmes seen eee 3 15 0.5 
otal) psesso222 42h = 961 6.8 65.4 


1 Specific, identified mineral deposits that may or may not be evaluated 
as to extent and grade, and whose contained minerals may or may not be 
profitably recoverable with existing technology and economic conditions. 


that have been considered as potential sources of 
manganese in the United States. These deposits are 
included in the identified rsources shown in table 76. 

Brooks (1966, p. 70-92) ably discussed the tech- 
nical and economic problems involved in developing 
these domestic deposits; to the authors’ knowledge, 
no breakthroughs have been made in the metallurgi- 
cal problems since Brooks’ analysis was made. Be- 
cause capacity of the high-grade ore producers in 
Brazil, Gabon, South Africa, and Australia was being 
greatly increased in 1971-72, it is doubtful that the 
world price of manganese in constant dollars will rise 
significantly in the near future; the price is lower 
now in constant dollars than for many years. Ac- 
cordingly, there is now little stimulus to search for 
and develop the hypothetical resources here discussed 
or the speculative resources discussed below. 


SPECULATIVE RESOURCES 


Speculative resources are impossible to quantify. 
Manganese deposits of usable mineralogy, size, and 
grade are too sporadically distributed to permit 
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sound generalizations as to how much might be pres- 
ent in given areas or volumes of rock. Perhaps this 
section should be entitled ‘Guidelines for future 
prospecting” rather than “Speculative resources.” 

Presumably, future prospecting will be for medi- 
um- to large-scale deposits; when compared with 
potential reward, the expense of looking for small 
deposits is prohibitive. In terms of national security, 
only those deposits that can make a significant con- 
tribution to requirements are worth considering; the 
long lead time in developing significant production 
emphasizes the need for an adequate stockpile. 

For Jurassic and younger deposits, the few vol- 
canogene deposits of economically interesting size 
and grade are all near the leading edge of the moving 
tectonic plates, and therefore this type of deposit 
should be sought in that environment. The large 
higher grade sedimentary deposits in this age range, 
however, are all either on the trailing edge of the 
continental plates or on intracontinental platforms. 
We cannot yet make similar informed generalizations 
about pre-Jurassic sedimentary deposits, for the 
former configurations of the tectonic plates have not 
been deciphered. Many of the older sedimentary 
oxide deposits were clearly formed in a platform 
environment. 

In the United States, the largest concentration of 
manganese is in the carbonate nodules and the en- 
closing manganiferous rocks of the Cretaceous 
Pierre Shale in South Dakota. (The resource esti- 
mate in table 77 is based on rock with less than 14:1 
stripping ratio; the manganiferous beds are very 
much more extensive. This resource is essentially 
unworkable at present because of mining, ore dress- 
ing, and metallurgical problems; development would 
perforce hasten silting of important reservoirs.) The 
source of this enormous quantity of manganese is 
still unknown. Precambrian iron-formation is in 
many localities accompanied by or closely associated 
in time and in space with concentrations of man- 
ganese. Some of the iron-formations in the Lake 
Superior region, notably the Cuyuna range, are high- 
ly manganiferous. Although most bedrock in central 
and western Minnesota is now hidden by Pleistocene 
glacial deposits, it is known that underlying rocks 
cause magnetic anomalies and also that a long ero- 
sional interval with semitropical or tropical climate 
took place there during Cretaceous time. The authors 
think that the manganese in the Pierre Shale may 
have been derived by intensive chemical weathering, 
during the Cretaceous Period, of now-buried man- 
ganiferous iron-formations or manganese deposits in 
central or western Minnesota or contiguous areas to 
the south. The Cretaceous weathering episode may 
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also have created manganese oxide concentrations at 
that weathering surface. It is of course possible that 
Pleistocene glaciation may have scoured away such 
supposed surficial concentrations, which in unglaci- 
ated terrane occur on topographic highs. 

It is also possible that Precambrian sedimentary 
deposits of manganese carbonate such as those that 
gave rise to secondary oxide deposits in Africa, Asia, 
and South America were present in eugeosynclinal 
rocks of the Precambrian shields of North America; 
such deposits are now known in several other Pre- 
cambrian shields. The characteristically high 
graphite content of the wallrocks of such deposits 
might be utilized in geophysical prospecting if cover 
were not too thick. 

Finding of the so-far unique Molango deposit in 
Mexico raises question as to whether a similar de- 
posit might be present in miogeosynclinal environ- 
ments in the United States. The gray manganiferous 
rock at Molango looks like most somewhat-organic 
limestones and could easily be overlooked; it was 
discovered during development of small bodies. of 
secondary manganese oxide formed from it by 
weathering. Most analyses of limestone made in the 
United States do not determine the manganese con- 
tent of the rock, and our knowledge of the man- 
ganese distribution in limestone in the country is 
spotty and incomplete. Several carbonate formations 
in the United States are known to be slightly man- 
ganiferous, notably the Shady Dolomite in the HKast- 
ern Appalachians. This formation has never been 
systematically sampled, mainly because it crops out 
poorly and is in many places covered by debris from 
other formations. By careful sampling, patterns of 
manganese distribution in this or other manganifer- 
ous carbonate formations might be found, and an- 
other Molango might be located. A careful regional 
study of the Molango area to discover the controls 
of manganese deposition there would be helpful. 

An area of the North American continent that 
might carry a significant deposit of high-grade man- 
ganese oxide is the part of California and northwest- 
ern Mexico where the Pacific Rise intersects the 
continent at the head of the Gulf of California. In 
Pliocene time the Lucifer manganese deposit (and 
also the adjacent Boleo copper deposit) in Mexico 
formed in a basin, probably closed, beside or on this 
rift zone. The Colorado River has dumped enormous 
quantities of more recent sediment on this part of 
the continent, and wells to tap thermal fluids in these 
sediments in the Salton Sea area and areas to the 
south in Mexico have brought to the surface steam 
and water at high temperature and pressure highly 
charged with mineral salts, including manganese; 
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the metal content of the steam and water is much 
higher in California than in Mexico. The source of 
these metals, which is still unknown, might be the 
sediments themselves, or underlying rocks, or mag- 
matic bodies at depth. A careful study of the dis- 
tribution of manganese in the fluids and the direction 
of their movement might lead to prospecting guides. 
Such a hypothetical deposit would, of course be very 
expensive to find and more so to develop, as it would 
involve underground mining in difficult conditions. 

On other continents, the most logical and promis- 
ing areas are those in which Precambrian eugeo- 
synclinal rocks have been exposed to one or more 
cycles of erosion and where remnants of ancient ero- 
sion surfaces are still preserved. All the significant 
secondary manganese oxide deposits that formed by 
weathering of primary sedimentary manganese car- 
bonate deposits are in erosional remnants of such 
ancient surfaces. In west and central Africa, rocks of 
Birrimian age are the most favorable and are widely 
distributed in the western and central parts of the 
continent. In equatorial Africa, the Francevillian 
rocks are also favorable. It would be surprising if all 
the significant deposits have already been found. 

In South America the rain forest of the Amazon 
region to the north and south of the central zone of 
Paleozoic and younger rocks is possibly the most 
favorable area; the eugeosynclinal Precambrian 
rocks in the middle and headwater areas of the 
north-flowing tributaries are also very favorable. 
Many occurrences of manganese ores have been lo- 
cated in these areas; probably, commercial deposits 
will be found, there too on remnants of ancient 
erosional surfaces. The recent discovery of very ex- 
tensive areas of oxide-facies iron-formation south of 
the Amazon increases the possibility of discovery of 
Manganese or manganiferous iron ore associated 
with these rocks. 

In western Brazil and eastern Bolivia at about 20° 
south latitude, the large known reserves of bedded 
manganese oxide ore associated with lower Paleozoic 
oxide-facies iron-formation might be radically in- 
creased by more detailed subsurface exploration, not 
necessarily in the places now known to contain man- 
ganese. Here the nearshore facies of the Jacadigo 
Series is perhaps the prime target for exploration. 
The known manganese beds are lenticular, although 
individual lenses may be several square kilometers in 
extent, and concealed lenses or lenses cropping out 
obscurely may be of very significant size. 

In India the major manganese deposits are meta- 
morphosed primary oxide sediments in lenses of 
considerable extent. They have not been explored by 
drilling, and deep drilling probaby will reveal a con- 


siderable tonnage of high-grade ore. The economic 
viability of the deep ore will depend on increased 
world prices, as such ore will be expensive to ex- 
tract. India is a manganese-rich province, with de- 
posits of different kinds, largely of sedimentary 
origin. It would be surprising if further discoveries 
were not made. 


PROSPECTING TECHNIQUES 


Prospecting for manganese deposits has been car- 
ried on by the classical method of looking for surface 
indications of manganese oxide. This approach is 
very usable in areas of outcrop and residual soil be- 
cause manganese oxide is relatively immobile under 
most surface and near-surface conditions and be- 
cause manganese carbonate oxidizes readily to man- 
ganese oxide under near-surface conditions. 

The high but variable background content of man- 
ganese in all rocks, soils, waters, and plants makes 
geochemical methods difficult, if not unusable. Use of 
other elements as pathfinders to manganese deposits 
is hazardous, mainly because most large sedimentary 
deposits are free of trace elements suitable for this 
use. Plants may be useful in future manganese 
exploration. Presence of certain plants, at least local- 
ly in the Eastern United States and the Katanga, is 
indicative of a manganese-rich environment (Can- 
non, 1971, p. 245). 

The common association of graphite and organic 
carbon with sedimentary manganese carbonate de- 
posits would cause anomalous electrical reactions; 
therefore induced polarization (IP) and other elec- 
trical geophysical methods should be able to detect 
the carbonaceous wallrocks where these have not 
been too highly altered. In tropical zones, however, 
the carbonaceous material is normally oxidized to 
some depth, so the electrical methods would be ap- 
plicable only in areas of slight surface alteration. 

Once signs of a manganese deposit are located 
visually, then drilling, test pitting, and exploration 
of the deposit by adits or shafts are essential to 
establish the size and grade, for the surficial expres- 
sion of a deposit may be deceptively large and high 
grade. 


PROBLEMS FOR RESEARCH 
GENERAL PROBLEMS 


1. The most important problem involved in man- 
ganese supply for the United States today is the con- 
tinuing maintenance of an adequate stockpile of 
ferromanganese alloys or high-grade manganese ore 
so that this country will never again be subject to 
stringent and industrially crippling shortages caused 


a a oe 


MANGANESE 


by interruption, either political or military, of the 
supply of this essential raw material, all of which is 
now imported. 

2. From the viewpoint of raw-materials supply, 
the most promising development would be the suc- 
cessful winning of nodules from the sea floor and 
extraction of the contained metals. This would in- 
sure not only a greatly increased resource of man- 
ganese but also a significant increment in the supply 
of nickel, cobalt, and copper—also metals for which 
the United States is dependent on imports. Large 
investments are needed to bridge the gap between 
promising research and pilot-plant operations and 
industrial-scale application, but the legal status of 
deep-sea mining must be resolved before large-scale 
private investment can be secure. 

3. Should a decision be reached to attempt to make 
this country more self-sufficient in manganese sup- 
ply from conventional sources, greatly expanded 
metallurgical research would be necessary to tap 
known submarginal identified resources as well as 
geological research to locate the hypothetical and 
speculative resources already discussed. 

4. Continuing research into the geological habi- 
tat of manganese, causes of concentration into large 
economic deposits, and the geochemistry of the ele- 
ment can only make the search for conventional and 
nonconventional sources more fruitful and increase 
the supply available to our industry and civilization. 
Because most of the large-scale concentrations and 
all of the high-grade concentrations of economic 
size are outside the United States, much of the 
needed research must be carried out overseas. Judg- 
ing from past successes and their impact on the 
supply situation during the last two decades, invest- 
ment in such research is sound. Specifically, thor- 
ough subsurface investigations of at least one of 
the large carbonate sedimentary bodies, such as 
Nsuta, Ghana, or Serra do Navio, Brazil, should be 
undertaken to establish the geological habits and 
expectable reserves of this type of manganese ore. 
Such a study probably would have to be subsidized ; 
at present there is little economic justification for 
a company to undertake research of this type inde- 
pendently because of the abundance of high-grade 
oxide ores in the world. Results must be published. 


NEEDS FOR NEW PROSPECTING TECHNIQUES 


Because manganese oxide is very resistant to 
weathering and usually crops out or is found as 
coneretionary or detrital pebbles or boulders in 
residual soils overlying significant bodies, prospect- 
ing in areas of residual soils is relatively simple. 
In areas of transported soils or debris and in areas 
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of glacial moraine, loess, or other transported sur- 
ficial material, or under unconformities, there may 
be no surface sign of underlying bodies. Geochemical 
prospecting is much handicapped by the widespread 
presence of manganese in the earth’s crust and the 
ease with which it is precipitated from solutions 
under near-surface conditions; positive anomalies 
are, accordingly, much more common than ore de- 
posits and, by themselves, are relatively meaningless. 

Except for a rare magnetic mineral, manganese 
oxide deposits have no particularly distinguishing 
geophysical characteristics that would selectively 
locate concentrations. Manganese minerals have 
relatively high specific gravity, but many near- 
surface secondary deposits have so many voids that 
gravimetric techniques would have only moderate 
chance of success, although in certain environments 
the technique has been successfully used (Rowston, 
1965). Carbonate-facies sedimentary manganese 
deposits are in most places closely associated with 
a high free-carbon content in the wallrocks, and 
this can be detected under slight or moderate cover 
by certain electrical methods of prospecting. Unfor- 
tunately, many carbonaceous rocks are not associated 
with manganese deposits, and unless positive indi- 
cation of the presence of manganese at depth is 
available, the method is nondiagnostic. In drift- 
covered areas a combination of geochemical pros- 
pecting followed by geophysical investigation in the 
neighborhood of major anomalies might help locate 
large bodies of manganese carbonate, but to the 
authors’ knowledge this dual approach has not been 
attempted and may not be practical. Large man- 
ganese carbonate sedimentary bodies are known in 
many tropical shield areas and may be present but 
undiscovered in shield areas in northern latitudes. 
These bodies have hitherto not been exploration 
targets for economic reasons; the oxide is the pre- 
ferred ore. 

In South Africa, Australia, and the Hastern 
United States, certain plants have been shown to 
concentrate manganese in their leaves and (or) 
twigs. To the authors’ knowledge, no extensive re- 
search has been done on the general applicability 
of biogeochemical prospecting to manganese-ore 
finding; and therefore this is a promising avenue 
for future systematic research, to determine whether 
variation in manganese content of plants is a func- 
tion of generic type, climate, or soil environment. 

A better understanding of the exact sedimentary 
conditions and environment causing large-scale 
deposition of relative pure manganese minerals in 
the specific spots in which they are found seems 
prerequisite to evolving new prospecting techniques. 
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The general principles are to a large extent known; 
the reasons why deposits are where they are have 
not yet been pinpointed and need much closer study 
and research. 


TECHNOLOGICAL PROBLEMS 


Manganese carbotiate when intimately intermixed 
with calcite or dolomite or other similar contami- 
nants is difficult to concentrate; similarly, much 
manganese oxide ore is so intimately mixed with 
iron minerals or calcite that the constituents can- 
not be economically separated by known means. 
Manganese minerals such as cryptomelane, kutna- 
horite, and braunite inherently contain other ele- 
ments that cannot be mechanically separated. How- 
ever, by calcining to drive off carbon dioxide, ores 
containing much carbonate may be radically up- 
graded, and ores containing potassium, aluminum, 
or iron in deleterious amounts can be made usable 
by mixing with other ores containing less of these 
elements. Certain elements, such as phosphorus, 
arsenic, and potassium, are highly deleterious when 
they occur in amounts above defined limits. 

The manganese nodules on the ocean floor con- 
tain important quantities of copper, cobalt, and 
nickel, which must be recovered to make nodule 
mining economic. Several hydrometallurgical proc- 
esses have been tried, and one company claims to 
have solved the problem on an economic basis in 
pilot-plant studies. Should this be correct, the tech- 
niques might be adaptable to recovery of manganese 
from some of the low-grade resources on land. 
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MERCURY 
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ABSTRACT OF CONCLUSIONS 

Mercury has several thousand uses, for many of which no 
substitution is practical or desirable. The annual world pro- 
duction is nearly 300,000 flasks (76 Ib each), and the U.S. 
production in recent years has been less than one-tenth of 
this amount. In contrast, the United States, to supply its in- 
dustrial base, has required about one-third of the world pro- 
duction. 

In the past few years in the United States, concern over 
mercury poisoning and pollution has led to legal restrictions, 
reduced consumption, drastic drop in the price of mercury, 
and closing of most mercury mines. The geologic outlook for 
new domestic discoveries of ores rich enough to be com- 
petitive in the world market is poor, although there is some 
possibility in the less explored parts of scuthwest Alaska. 
Correlation of occurrences with elements of the “new global 
tectonic” framework suggests that areas of the Southwest 
Pacific will be found to contain undiscovered deposits. 

Additional domestic research is needed to determine the 
quantity and mode of occurrence of mercury in the litho- 
sphere, how mercury migrates under geologic processes, how 
mercury is converted to the highly toxic organic compounds, 
what are tolerance levels, and how to eliminate or inactivate 
mercury in already polluted areas. Other research directed 
toward recovery of mercury from mine and plant wastes 
would benefit the environment and add to the supply needed 
by the United States. 

INTRODUCTION 


Mercury is the only metallic element that at ordi- 
nary temperatures is a fluid, which together with 
its silvery color has led to its being commonly called 
quicksilver. It has many uses, most of which are 
for technologically advanced applications, and there- 
fore it is in greatest demand in the most indus- 
trialized countries. The United States years ago 
produced more than enough mercury to supply its 
needs, but now it consumes one-third of the world 
production while producing less than one-tenth of 
the world supply. Much of the U.S. requirement is 
met by imports, but the total dollar value of the 
U.S. mercury consumption is relatively small, 
amounting to $40 million in 1969 and only $15 
TAN statistical data regarding production and consumption for the 


period since 1932 are from records compiled by the U. S. Bureau of 
Mines. 
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million in 1971. When this report was prepared in 
mid-1972, all major mercury mines in the United 
States had drastically curtailed or ceased produc- 
tion because of the low price of mercury brought 
about by concern over mercury pollution. 


USES 

In addition to being fluid at normal temperatures, 
mercury possesses a unique combination of proper- 
ties, such as high surface tension, linear thermal 
expansion, good electrical conductivity, high density, 
ability to alloy readily, and tendency to form very 
toxic compounds. These properties make mercury 
useful in a great variety of processes and products. 
Some uses, such as in thermometers or mercury 
switches, require minute amounts in each apparatus, 
but others, such as in chlorine-caustic soda plants, 
require several tons. Amounts and trends by cate- 
gories are shown in table 78. Note that the two 
largest uses, electrical apparatus (mostly batteries) 
and catalysts (chlorine manufacture), together have 
accounted for about half the U.S. consumption in 
recent years, and uses dependent on the toxicity of 
mercury compounds have amounted to another quar- 
ter of the consumption. For a detailed review of 
uses and projected trends for the United States, 
see reports by the National Research Council (1969) 
and by Greenspoon (1970). 

Metallic mercury of 99.9-percent purity is gen- 
erally recovered by a distillation process at the 
mine site, and it is bottled and marketed directly in 
standard steel flasks containing 76 pounds (about 
2.5 liters or 2.7 quarts) of the liquid metal. For 
some uses, it is redistilled to achieve greater purity 
and redistributed in glass, plastic, or earthenware 
bottles containing from 4 ounces to 10 pounds. 
Mercurial compounds are nowhere made at the mine 
but are manufactured from refined mercury metal. 


TABLE 78.—Uses and consumption of mercury in the United 
States 
[Thousands of flasks] 


1942 1951 1970 1971 


Agriculture (germicides, fungicides, 


algaecides))) j= 2 en ee eee 1D atl Saeleb: 
Amalgamation (major use before 1900) —-_____ oe <2 2 0 
Catalysts: 
Chlorine-caustic soda (started 1937) ______ 5 15 15.0 12:3 
Plastics, resins, acetic acid, other chemicals_ 3.3 2.6 2.2 1.1 
Dentaljiprepara tions) joes aan ns ana 251 116) 238) 224 
Electrical apparatus (mostly batteries) _____ 5.5 13.2 16.0 16.9 
Felt manufacture (none since 1943) ~________ cy) 0 0 
Instruments, industrial, control]  ~___________ 6.6 10.4 48 4 
baboratorystzeneral 2 -—— ee _ Se eae 3 3 1.8 18 
Munitions, blasting caps (none since 1956) ____ 7.8 5 0 0 
Paint, antifouling (mostly ship bottoms) —__ 1:2 2:5 2 A 
Paint* ymildew,sproofing, )= = ee ee 0 0 10.1 8.2 
Paper and pulp manufacture (slimicide) _____ 0 0 ox -002 
Pharmaceuticals eh lois 2s eS ee eee 8.1 2.8 St at 
Vermilion (none since 1944) _______________ <2; 30 0 0 
Other, concealed, unknown —_______________ PAP) ates ERS) 728} 
otal) = a ee ee ee 49.7 56.8 61.5 52.5 


1 Includes fungicides and bactericides for industrial use. 
?Includes installation and expansion of chlorine-caustic soda pients. 
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Substitutes for mercury have been found in many 
formerly important mercury uses, and very little 
mercury is now used for amalgamation (largest use 
in 1870’s), antisyphilitics (largest use in 1917), 
munitions, detonators (fulminate), felt manufac- 
ture, pattern making, paper manufacture, vermilion, 
fireworks, and cosmetics. In some other major uses, 
substitutes could be used but would result in sacri- 
ficing quality of the product or economy of manu- 
facture, or both. For example, in the manufacture 
of chlorine-caustic soda, a diaphragm cell can be 
used instead of the mercury electrolytic cell, but it 
yields a product of lower purity at a higher cost, 
which ultimately affects the price of nylon, rayon, 
petroleum products, aluminum, detergents, and 
many other consumer items. However, for many 
uses, such as batteries, mercury lamps, wall 
switches, thermostats, barometers, manometers, 
thermometers, pressure gages, and laboratory uses, 
substitution is impractical and undesirable. For 
agricultural uses and paint, substitution may in the 
future be practical as nonmercurial germicides and 
fungicides having selective toxicity are discovered. 


SIZE AND IMPORTANCE OF THE INDUSTRY 


World production of mercury reached an all-time 
high in 1969 of 290,000 flasks, valued at about $159 
million. U.S. mercury production in the same year 
was 29,640 flasks, valued at about $15 million, or 
0.02 percent of the $7.2 billion of national income 
generated by mining. The importance of the mercury 
industry, however, outweighs its relative size. About 
300 U.S. companies use primary mercury, and an- 
other 400 that use redistilled mercury account for 
about 20 percent of the total U.S. consumption. Al- 
most everyone safely uses a little mercury every 
day, and without it we would be forced to use in- 
ferior products made at increased cost. It is classi- 
fied by the U.S. Government as a strategic commod- 
ity, essential to the economy. Financial assistance in 
exploration for new mercury deposits is provided 
by the Government through the U.S. Geological Sur- 
vey, Office of Minerals Exploration. Of the 36 eligi- 
ble commodities, mercury is one of nine eligible for 
assistance of 75 percent of the allowable costs of 
exploration, as compared with 50 percent for the 
others. 


EXPLOITATION 
MINING 
By most mining standards, mercury mines are 
all small. The largest probably is the New Almaden 
mine in California, where about 30 miles of hori- 
zontal underground workings were driven for ex- 
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ploration or development over a hundred-year pe- 
riod. To avoid high labor costs, in the past 30 years 
a diligent search has been made in the United States 
for large low-grade surficial deposits, but the only 
really major deposit that has been mined by open- 
pit methods is that of the Sulphur Bank mine also 
in California, which was discovered 100 years ago. 

Mining and recovery costs at mercury mines vary 
so widely that averages seriously oversimplify the 
picture. At open-pit mines, ore containing 2 pounds 
of mercury per ton ($5 per ton in 1963) has been 
successfully treated, but concurrently some under- 
ground mines have lost money on ore containing 10 
pounds per ton. In 1970 the Quinn River mine (for- 
merly Cordero) in Nevada closed when the price 
fell below $425 a flask, and in 1972 the major New 
Idria mine in California was closed when the price 
fell below $160 a flask. For comparative purposes, 
the best guides to costs are price-production curves 
(fig. 46). At any given price, some mines lose 
money, others break even, and only a few make a 
profit. Average costs generally approach average 
prices within a few percent. 


PRODUCTION 


Total world production during this century has 
ranged from 65,000 flasks in 1933 to 290,000 flasks 
in 1969 (fig. 46). Probably nearly 1,000 mines in 
the world have each produced more than 100 flasks 
of mercury, but three-fourths of the world produc- 
tion has come from only six mines or districts. 

Domestic primary production fluctuates wildly in 
response to short-term variations of a few hundred 
percent in price. The peak U.S. production, almost 


80,000 flasks, was in 1877. Since then, the domestic 
industry has undergone a half dozen cycles of stimu- 
lated production, in response to higher prices, fol- 
lowed by collapse, on the heels of lower prices. By 
1948, under war-time conditions, production had 
risen from the less than 10,000 flasks produced 10 
years before to almost 52,000 flasks. By 1950, pro- 
duction had again dropped, to a new low of 5,000 
flasks. After another cycle, production rose in 1969 
to 29,000 flasks in response to all-time high prices. 
Our production through the years has come from 
over 300 mines in 11 States (table 79) ; however, 
just as is true for world production, three-fourths 
of the domestic output has come from six mines, 
all of which are in California. 

The U.S. proportion of world production, with 
generally rising demand, has declined from more 
than 60 percent in 1877 to less than 3 percent in 
1950 and 6 percent in 1971. The proportion of U.S. 
consumption coming from domestic mines reached 
a low of 9 percent in 1950 but rose to 33 percent in 
1971. This seeming improvement, however, is the 
result of temporary curtailment of consumption be- 
cause of pollution problems and does not reflect 
increased production. 

Secondary production of mercury in the United 
States, first reported in 1946, has become increas- 
ingly important in helping to make up the differ- 
ence between U.S. requirements and mine produc- 
tion. Most of the mercury reclaimed is from electro- 
lytic cells, mercury boilers, discarded instruments, 
battery scrap, dental amalgam, and electrolytic, 
oxide, and acetate sludges. Secondary recovery is 
made by six processors and four scrap dealers in 


TABLE 79.—Mercury produced in the United States, by States 
[Flasks of 76 Ib] 


First 
State production 1850-1949 1950-59 1960-69 1970 1971 
Primary (from mines): 

laska 1923 4,650 16,919 14,151 (@) (?) 
Arizona 1908 6,034 819 »439 cess seas 

Arkansas __ 1981 11,404 poeta 350 () (2) 
California — 1850 2,623,873 110,793 163,042 18,593 13,233 
ho 1917 14.7, 14,258 7,927 1,038 1,057 
Nevada ____ 1903 72,995 46,245 64,422 4,909 1,589 

New York 1969 5 iz 280 28 (?) 

Oregon 1870's 89,284 13,629 4,779 274 (?) 

Texas 1899 145,655 1,552 1,885 @) @) 
Utah Early 1880's 049 ee eee. ee Seas 
Washington ----_---___ 1916 6,604 20 34 @) ——— 
ARON SORTER? Ses coeseosesscesSs 2,978,727 204,235 248,309 27,296 17,627 

Annual number of producing 
Mines) 2s a= = oe ee eee 1-197 16-147 48-149 719 60 
Annual averages of mercury 

recovered (lb per ton of ore) ~---_~- 735-4.9 9.3-6.4 13.6—4.1 4.8 coos 
Secondarys) 2=—===~ a 1946 11,055 47,430 394,459 88,051 316,666 


1 Alaska, Arkansas, Texas, and Washington, 2,454 flasks in 1970. 
2 Alaska, Arkansas, New York, Oregon, and Texas, 1,748 flasks in 1971. 
8 Includes GSA releases 1963-71. 
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MAJOR DETERMINANTS, U.S. 


PRODUCTION, IN FLASKS OF 76 POUNDS PRODUCTION (EXCEPT PRICE) 
ie) 50,000 100,000 150,000 200,000 250,000 300,000 
1850 a ee |e mre a a asi New Almaden—first U.S. production 


New Idria discovered 


\ New Almaden closed—litigation 


N Avg. mining cost per ton of ore, $170 
Avg. grade of ore, 279 |b per ton 


1870 
>< New Almaden deep ore discovered 
XN Scott furnace invented 
1 A 
880 i U.S. mine World production 

2 production 
a Avg. grade of ore, 47 Ib per ton 
3 
aa 

1890 ie = 
uw New Aimaden “‘almost exhausted” 
s Avg. mining cost per ton of ore, $9 


1900 Texas—first production 


Nevada—first Production 


pa 


~<——— New York price 


— United States becomes 
a net importer of mercury 


1910 


U.S. average 
price 


Herreshoff furnace adopted 
Oregon-—first sustained production 
Rotary furnace successful 

New Idria closed—litigation 


pial 


Avg. grade of ore, 10 tb per ton 


1930 Arkansas—first production 


The only years when production 
was reported from all 10 states 


Avg. mining cost per ton of ore, $13 
Secondary production reported 


+ Index of metal-mining expenses, 74 


Secondary production increased 


Index of metal-mining expenses, 100 


Maximum A 
(July 1) Government assistance, exploration 


$775 


Avg. grade of ore, 7.6 |b per ton 


Tein; 
1970}- 7 = Index of metal-mining expenses, 114 
Avg. grade of ore, 4.8 Ib per ton 
1980 1 Peels 1 ovale eile es | J eel lL _It| 
100 200 300 400 500 600 


AVERAGE ANNUAL U.S. PRICE PER FLASK, IN CURRENT DOLLARS 


FicurE 46.—Mercury production and prices, 1850-1971. From U.S. Bureau of Mines Minerals Yearbooks. 


MERCURY 


405 


TABLE 80.—Mercury supply and demand in the United States 
[Thousands of flasks] 


Mine production (started 1850) 
Secondary production (started 1946) 
Imports (started 1868) 


PRotalesuD Dyas ee ee 


Consumption (no record before 1867) ~-~-----~ 
Exports (started 1864) 


otal) demand) )ss2— sso 


1850-1949 1950-59 1960-69 1970 1971 
2,979 204 248 27.3 17.6 
——— AT 194 18.1 216.7 
ed 505 231 21.7 29.7 
a 766 573 67.1 64.0 
= 515 700 61.5 52.5 
enes 1 20 4.7 27.2 
=o5= 522 720 66.2 59.7 

234 —147 Sal 4.3 


Surplus) orsdeficit, = >—=—---=-— = 


SSS) 


1 Includes GSA sales of 72,366 flasks in me ay and 701 flasks in 1970. 
I 


2 Includes GSA exports of 5 »700 flasks to 


the United States. Official figures compiled by the 
U.S. Bureau of Mines (table 80) are somewhat 
confusing because sales and releases of primary 
mercury from the Government stockpile by the Gen- 
eral Services Administration are included under 
secondary recovery. In 1964 these releases included 
7,000 flasks to other Government agencies and 
10,000 flasks to the Department of Health, Educa- 
tion, and Welfare for donation to more than 3,000 
hospitals and schools. In 1971 there were no GSA 
sales, but 5,700 flasks were transferred to the 
Agency for International Development for shipment 
to India. 


PRICES AND TARIFFS 


The U.S. price has averaged as low as $28.56 a 
flask, in 1883, and as high as $570.75, in 1965; but 
it reached an intraweekly all-time high of $775 on 
July 1, 1965 (fig. 46). When this report was pre- 
pared in mid-1972, the price was only $165 a flask. 

The world (London) price is generally lower 
than the New York price by roughly the amount of 
the U.S. tariff, but monthly averages range from 
about $80 lower to $35 higher. 

There are no special federal taxes on mercury 
production, although some States impose a tax on 
the proceeds of all mines. An import tariff of $19 
per flask in effect since 1922 was reduced to $15.20 
on January 1, 1969, to $12.92 on January i, 1970, 
and to $11.40 on January 1, 1971. A depletion al- 
lowance for new domestic discoveries of 15 percent 
since 1932 was increased to 23 percent under the 
Internal Revenue Code of 1954 and has continued 
through 1971. The allowance is limited to 50 per- 
cent of net income. 


OUTLOOK 
Until just before World War I the United States 
produced more mercury than it consumed (fig. 47). 
Ever since, it has relied to greater or lesser degree 
on imports to supplement domestic mine production, 


except during the World War II period, when, with 
high prices and some Government support, domestic 
mines virtually filled the U.S. requirements. It has 
been generally felt that if the price of mercury were 
high enough, United States mining could supply all 
domestic needs, although production response to the 
increased price would lag 2—4 years behind the price 
increase. In 1965 the price rose to unprecedented 
levels, but the mine production response peaked in 
1969 at about 29,000 flasks, which was only one- 
third of the domestic consumption. It has become 
obvious that, as predicted (Bailey and Smith, 1964), 
the U.S. supply of known, or even suspected, mer- 
cury ore of grade competitive on the world market 
is entirely inadequate to meet domestic needs. The 
current outlook for discovery of large high-grade 
deposits in the conterminous United States is un- 
promising, but in less explored southwestern Alaska 
major discoveries may be possible. 

As a result of concern about pollution, the de- 
mand for mercury in the United States has dimin- 
ished considerably, but concurrently the price has 
fallen so low that domestic mine production will 
not supply even the reduced demand. 

Until higher grade foreign deposits are de- 
pleted—which, it is estimated, will not be for at 
least 25 more years at Almadén, Spain—the United 
States will remain a net importer of mercury, ow- 
ing to the low grade of ore available and the rela- 
tively high cost of mining it. However, the main- 
tenance of some domestic industry, even if for no 
other reason than to provide a bargaining base, is 
highly desirable. 


GEOLOGIC ENVIRONMENT 
BASIC GEOCHEMISTRY 


A little mercury occurs in almost all natural sub- 
stances—rocks, soils, water, air, and both animal 
and vegetable organisms—but analytical techniques 
sufficiently sensitive to measure the minute amounts 
involved have been perfected only recently. Al- 
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Oo 
1850 


1860 |— 
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1900 Mercury-vapor lamp invented 
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1930 ;— 
World depression 
1940 ;— Electrolytic cell developed 
Consumption (Chlorine-caustic soda) 
World War II 
Mercury dry cell developed 
1950 < Korean War 
Total domestic supply || Atomic power plants started 
(includes secondary Strategic stockpile 
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General Services 
= Administration 
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aS Se Electrical apparatus, 
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FIGURE 47.—Demand and domestic supply of mercury in the United States, 1850-1971. From U.S. Bureau of Mines Minerals 
Yearbooks. 


MERCURY 


though there is much variation, typical amounts 
can be given (table 81). 

The average mercury content of continental rocks 
has been calculated at about 80 ppb (parts per bil- 
lion) (Taylor, 1964), and a similar figure was cal- 
culated for the earth’s crust (Saukov, 1946). More 
recent work (Ehmann and Lovering, 1967) sug- 
gests that these values may be a little too large, but 
they are certainly the right order of magnitude. In 
contrast, the content of a minable mercury ore de- 
posit must be at least 2 pounds to the ton, or 
1,000,000 ppb (0.1 percent), representing a mer- 
cury concentration 10,000 times greater than the 
usual content of most rocks. 

For additional details regarding the occurrence 
of mercury compounds in nature and their be- 
havior during the weathering cycle, see Tunell 
(1970). 


TABLE 81.—Mercury content of various natural substances 
[Most data from U.S. Geol. Survey (1970) J 
Parts per billion 
Igneous rocks: 
Peridotite, dunite, basalt _--__--___-__ 5 - 20 


Andesite eranite) esse aaa eee 15 —- 100 
Sedimentary rocks: 

Sandstone pee ee Lhe ee Be 20 - 75 

Shlalegrr sas re eee ae ee 100 — 1,000 

himestone ses ase te Le ei eS 15 - 50 

Coal inte eee ea 10 — 1,000 
Metamorphic rocks 20 — ‘200 
Sol] ee es ee, Is ee ee 10 — 100 
Natural fluids: 

Rainwater soso es eo se 2 

Riviermwatent es s- sees ae ee ae ae all 

Ocean}watersees sate eae .03— 

Petroleum 2 == 2 s5 22 ee Se a 2,000 -20,000 

A Te ee ee ee ae ee oe 8 01 
Organisms: 

LEAN ESS ee eee eas eee ey a Oe nee age <500 

Wishprere se tees eee ee ae ee 20 - 200 

IMU errr ry aa) Se ee ree pes ee 2 es = <20 


ORE DEPOSITS 


All major mercury deposits are mined for their 
mercury content alone, and all contain the red mer- 
curic sulfide, cinnabar, as the chief ore mineral. 
Liquid mercury metal and a black mercuric sulfide, 
metacinnabar, are locally of some economic im- 
portance, and in one medium-size deposit a mercury- 
antimony sulfide, livingstonite, was the main ore 
mineral. The more than a dozen other known mer- 
cury minerals are relatively rare and inconsequen- 
tial as sources of mercury. 

Within the past few years, mercury has been pro- 
duced as a byproduct at the Gortdrum copper mine 
in Ireland (1,300 flasks per yr), the Rudnany zinc- 
copper mine in Czechoslovakia (1,000 flasks per yr), 
and the Carlin gold mine in Nevada (60 flasks per 
yr). Cinnabar has been identified at all of these 
deposits, but other minerals probably also contain 
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small amounts of mercury. The St. Joe Minerals 
Corp. smelter in Monaca, Pa., also recovers mer- 
cury (300 flasks per yr) from zine concentrates 
from deposits in New York, but the mercury- 
bearing mineral is unknown. 

Silica and carbonate minerals are the common 
introduced gangue minerals in mercury deposits, 
but pyrite and marcasite may be abundant in de- 
posits formed in iron-bearing rocks. Stibnite is rare 
but is more common than orpiment. Other metals, 
such as gold, silver, or base metals, are generally 
present in only trace amounts. An exception, how- 
ever, is a base-metal assemblage containing mer- 
curian tetrahedrite, from which mercury has been 
recovered in a few places. 

The ore-forming mercury minerals, and intro- 
duced gangue minerals, are deposited from hot solu- 
tions at temperatures from perhaps 50°C to 200°C, 
and they thus form relatively low-temperature, epi- 
thermal deposits (White, 1967; Tunell, 1970). The 
deposits are characteristically shallow, and in the 
United States only half a dozen have been mined at 
depths greater than 1,000 feet. Even in the major 
mercury deposits of the world, ores have not been 
mined more than about 2,000 feet below the sur- 
face, although at the largest, the rich Almadén mine 
in Spain, ore is reported to have been drilled at 
depths of 3,000 feet. The greatest depth at which 
cinnabar has been found is reported to be 5,900 
feet, in a well drilled for geothermal steam in the 
Geyser area, Sonoma County, Calif. (G. H. Gaul, 
written commun., Feb. 22, 1969). 

Mercury ore deposits have doubtless been formed 
throughout geologic time; but owing to their shal- 
lowness, those deposited long ago have been either 
eroded away or covered over so they cannot be seen. 
Very young deposits, still uneroded and uncovered, 
constitute the discoverable and minable ore bodies. 
Because they were deposited in preexisting rocks, 
almost any kind of rock might be the host, though 
some varieties have unusually favorable chemical or 
physical properties. However, the distribution of 
mercury deposits about the world is restricted be- 
cause the volcanic and tectonic activity responsible 
for generating the heated pregnant solutions that 
deposited the mercury has in recent time taken 
place only in limited belts (Bailey, 1959). One 
highly productive belt extends northward along the 
western part of South and North America, passes 
through central Alaska, extends southward through 
Japan, then turns westward across central China 
and through the southern part of the Soviet Union 
and Europe. Other shorter and much less productive 
belts extend from New Zealand up through Papua— 
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New Guinea and along the Indonesia-Sumatra arc. 
(See fig. 48). Although the deposits are in belts of 
volcanic activity, many major ore bodies are remote 
from any young volcanic rocks. 

The six most productive mines or districts, and 
their approximate production, are: 


Flasks 


Almaden; (‘Spain (soso) see eee 7,500,000 
Tdriaseyiuposlaviaesss ee ee ees 3,000,000 
MonterAmiata ital yee eee eae, 2,000,000 
Nantasbarbara ween eee enema 1,500,000 
New. Almaden} (Calif) 22222 -2") 2s 1,100,000 
Newrldrias Caliiges eee ee 00,000 


Very brief descriptions of the geology of these 
most important deposits will serve to show the di- 
versity of occurrence that characterizes mercury 
deposits. 

The famous Almadén mine, which has yielded 
about one-third of the world production, is in an 
area of folded and faulted shale, limestone, and 
quartzite of Ordovician to Devonian age (Mamen, 
1971). Igneous rocks are represented in the mine 
area by narrow diabase dikes; the nearest major 
intrusive is a granite batholith 25 kilometers away. 
The ore bodies occur in three parallel vertical 
quartzite beds that from the surface to a depth of 
at least 750 meters are extensively replaced by cin- 
nabar and locally impregnated with native mercury. 
The most productive bed is 30 feet thick, and a 
central zone about 10 feet thick contains in some 
places more than 10 percent mercury. The minable 
strike length is over 1,000 feet on the 17th level. 
Average grade of ore treated is about 2 percent. 

The Idria mine in northwestern Yugoslavia lies 
in a thick sequence of sedimentary rocks ranging 
in age from Carboniferous to Eocene and occurring 
in four superposed thrust sheets (Mlakar, 1964). 
Most of the ore is formed by cinnabar that has re- 
placed Permian and Triassic dolomite, but some 
occurs in shale or sandstone. Individual ore bodies 
are large, many having a plan area of over 20,000 
square feet and extending through a vertical inter- 
val of 200 feet. Ore has been mined to a depth of 
1,800 feet. In recent years, an ingenious solution of 
a fault problem led to the discovery of a wholly new 
major ore zone offset 2 miles from that which has 
been mined for the past 450 years. Because only 
sparse native mercury occurred in the uppermost 
thrust plate and rich cinnabar occurred in the plate 
below, it has been suggested that the ore was formed 
in Triassic time, before the thrust faulting, and 
thereafter was protected from erosion by being cov- 
ered by the overthrust plate. The near-surface na- 
tive mercury is believed to be the result of postore 
and postthrust upward migration of vapor from the 
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main ore body. The grade of ore processed ranges 
from 0.1 to 0.2 percent. 

The major mine of the Monte Amiata district, 
central Italy, is the San Salvatore, which is on the 
lower slopes of Monte Amiata volcano (Eckel, 1948). 
The rocks below the lava are much deformed and 
broken beds of Eocene limestone and shale. Ore 
bodies of detrital cinnabar occur in curious solu- 
tion caves in limestone, which are widest just be- 
neath the lava and taper downward to narrow roots 
several hundred feet below the contact. The ore 
bodies were formed by rising hot solutions that first 
deposited cinnabar just below the contact and later 
dissolved the limestone, releasing the cinnabar to 
accumulate in the caves. Other, deeper primary ore 
bodies consist of cinnabar coatings on broken lime- 
stone and shale. The grade of ore treated is about 
0.4 percent. 

The Santa Barbara mine, high in the Andes near 
Huancavelica, Peru, once rivaled Almadén, Spain, 
in production but has had only minor production in 
the past century. Mesozoic limestone, sandstone, and 
shale are overlain by a great pile of Tertiary vol- 
canic rocks and intruded by volcanic breccia. Tabu- 
lar ore bodies occurred through a depth range of 
about 1,000 feet in places where cinnabar filled pore 
spaces or fractures in sandstone or voids in vol- 
canic breccia. The average grade was about 2 per- 
cent, though ore mined in recent years is much 
leaner. 

The New Almaden mine in California (Bailey and 
Everhart, 1964) is the greatest mercury producer 
in North America, but most of its yield came prior 
to World War I. In the mine area, folded and faulted 
Mesozoic eugeosynclinal sedimentary and volcanic 
rocks are intruded by serpentine, which in Tertiary 
time was altered along its margins to silica- 
carbonate rock. Rich ore occurs where silica- 
carbonate rock was replaced by cinnabar along steep 
parallel fractures, and large ore bodies were found 
from the surface to depths of about 2,000 feet. The 
grade of all ore recovered through the life of the 
mine is about 4 percent. 

The New Idria mine in central California (Linn, 
1968) is the second most productive mercury mine 
in North America and was a major producer until 
the spring of 1972. The mine is near the northern 
margin of a pluglike mass of serpentine that has 
arched upward and pierced through a thick Cre- 
taceous shale-sandstone sequence. Steeply dipping 
shale near the serpentine has been rendered brittle 
through induration, and subsequently shattered. 
Most ore bodies occur where cinnabar alone fills the 
fractures or coats their walls, but some cinnabar and 
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metacinnabar occur in thick carbonate veins. The 
largest ore shoot in shale was 300 feet long, 25- 
150 feet wide, and 800 feet high. Ore mined in the 
early days contained 10 percent cinnabar, but for 
the past 30 years, mined ore has averaged less than 
1 percent. 

These deposits have in common cinnabar as the 
major ore mineral and comparatively shallow depth, 
but little else. Some are in sedimentary rocks such 
as limestone, quartzite, or shale, and some are in 
voleanic breccia or altered serpentine. Some major 
ore bodies have been formed by replacement, others 
by open-space filling, and others by both, and some 
are a result of detrital concentration. The thousand 
or so smaller deposits not described in this report 
likewise show a diversity of mineralization, host 
rocks, rock alteration, and structural localization. 


RESOURCES 
IDENTIFIED RESOURCES 

At most mercury mines, no effort has been made 
to ascertain the ultimate reserve of the deposit in 
advance of exploitation, and at few mines is enough 
ore blocked out for more than 1 year of operation. 
Major exceptions are at some of the larger foreign 
deposits, such as Almadén or Idria, but even at these 
no attempt is made to learn in advance the complete 
resource. In the Soviet Union, much effort is ex- 
pended in trying to determine the ultimate reserves 
before mining, with only indifferent success for 
mercury deposits, but all reserve figures are closely 
guarded. Hence, no one knows the total reserves or 
resources of the major mercury deposits of the 
world, and only estimates based on production rec- 
ords and familiarity with the geologic habits of the 
ore can be made. On this basis, we have estimated 
the resources of known areas by countries or by 
groups of countries (table 82). 


TABLE 82.—Identified mercury resources of the world * 
[Given in thousands of flasks in ore minable at price per flask indicated] 


$400 $1,000 

WUnitedi Statesmen 170 490 
Canad amen ee eee eee 200 400 
Mexico) 4228-2) 3 6¢ eee ea 300 700 
South America __-__--_--___- 50 300 
Spain ee ee een ae 2,500 6,000 
Ttalygpeee mtn oe eS 750 2,000 
NWiucoslaviau.s--2— = 4- en 1,000 2,000 
Czechoslovakia —.--.-_.-.--_- 15 30 
PAE ri Ca erers LK UE Tt ae Pete 30 60 
Vapanee sso oee 2 ke 60 200 
PRUEKC Yas eee a eee 60 200 
Philippineswe ee eee eee 50 200 
WESES Rae ae ne 1,000 3,000 
Communist China 1,000 1,500 
Dota lig see + & See ek 7,185 17,080 


1 Identified resources: Specific, identified mineral deposits that may or 
may not be evaluated as to extent and grade, and whose contained minerals 
May or may not be profitably recoverable with existing technology and 
economic conditions. 
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Estimates by States, made on a similar basis but 
with greater familiarity with the deposits, are given 
in table 83. 


TABLE 83.—Identified mercury resources of the United States, 


by States’ 
[Given in thousands of flasks in ore minable at price per flask indicated] 
$400 $1,000 

Alaska’ ~ 4) . sean ee 25 100 
Arazona) | 2-22 see 1 6 
Arkansas) 2222-5 oe ee a 1 
California, ) 6 a eee 100 300 
Fdaho). 2022 See ee 10 25 
Nevada 22 eas as ee 20 30 
New: Yorke: 22 teee so 222 5 5 
Oréron) jo. 2) = ase ea 5 10 
Texas) aie Shae ee eee 4 10 
Utah eee Sian 6 ae oe ee aoa 1 
Washing tongs i 2 

Total ee® ee eee 170 490 


1Jdentified resources: Specific, identified mineral deposits that may or 
may not be evaluated as to extent and grade, and whose contained minerals 
may or may not be profitably recoverable with existing technology and 
economic conditions. 


A word of caution seems required in the use of 
these numbers, especially those for the United 
States. Although these estimates are for ore in 
known ore-bearing areas, they do not represent 
known ore. At $400 a flask, even if the ore were 
minable once it had been found, the cost of finding 
it might be excessive. Thus, while U.S. mines offer 
a potential at this price, few will be reopened or 
explored by other means until the price is higher or 
is expected to go higher. For other estimates of 
resources at various prices, see U.S. Bureau of Mines 
(1965). 


SPECULATIVE RESOURCES 


Masses of rock containing concentrations of mer- 
cury rich enough and large enough to form minable, 
or even near-minable, ore deposits are exceedingly 
rare. The surface area underlain by known mercury 
ore throughout the world probably does not exceed 
50 square kilometers, which is about one three- 
millionth, or 0.00003 percent, of the earth’s land 
area. In considering the mercury potential of the 
world, or in the search for new mineralized areas, 
the economic geologist concerns himself with the 
question of what parts of the remaining 99.99997 
percent might be underlain by mercury ore. We ex- 
pect we are searching for places comparable in size 
to known ore bodies, which in proportion are even 
smaller than the proverbial needle in a haystack. 
Origin and geologic occurrence of known deposits 
provide the best clues about where to look and the 
best data for predicting the potential of unexplored 
areas. 

During the past century, geologists noting the 
global distribution of mercury deposits about the 
Pacific, with a branch extending westward from 


UNITED STATES MINERAL RESOURCES 


410 


‘squoz UOONpAns dissvane-qsod 07 P[I0OM ay9 Jo sz1sodep AInoJ9Ul Jo uOIZe[ey— gp AUNT 


99U95INI90 JO {ISOdap [[BWS x J9JOBIEYO UleJJoOUN Jo UIZIeEW a}eIg ——— 
ywsodap dAljonposg @ apis isnay3 
}x9} UI pauorjusW pIsodap sofey Vv -1J9A0 UO SaINyoeY ‘au0z UOHONpqng =F=—— 


sjisodap aatjonpoid jo Jag 
SLISOdAG AUNOUAW 


}Nej WIOJSUeI} puke sIxe JuIpeasdg —— 
STOAWAS OINOLOAL 


NOILVNV 1dXa 


209 


oOV 


eieqieg 


| e1p] MON 


uapewly MON 


ut 


002 


OV 


208 


2O0I Oct cOVL O91 o OBL oO9T OVI oOcT eOOT 008 209 oO 


Fe) 


MERCURY 


southern China through southern U.S.S.R. to the 
Alpine belt of southern Europe (Bailey, 1959), have 
correlated their distribution with a general Tertiary 
belt of voleanoes referred to as the “belt of fire.” 
In the past 6 years, geologists have recognized the 
relation of major tectonism and volcanism to mov- 
ing crustal plates and have developed the revolu- 
tionary ‘new global tectonics’ (Heirtzler and 
others, 1968; LePichon, 1968). Comparison of the 
occurrence of mercury deposits with the new global 
elements (fig. 48) shows that most deposits occur 
on the continentward side of post-Jurassic subduc- 
tion zones. Especially, they are localized where 
oceanic crust and its accompanying trough deposits 
are swept downward beneath the margins of blocks 
of continental crust. This suggests that the mer- 
cury originally contained in the marginal eugeo- 
synclinal sediments, or perhaps even in oceanic 
crustal material, has been distilled out of the 
downward-plunging plate and emplaced at a higher, 
cooler level along or above the subduction zone. 
Additional search in the less explored parts of the 
world lying close to such subduction zones, such as 
in Indonesia, on Kamchatka, or in the Papua-Fiji 
belt, should find entirely new mercury districts. 

In the main mercury belt of the United States, 
which trends through the California Coast Ranges 
and has yielded 85 percent of the U.S. production, 
global tectonic relations also apply in a striking and 
significant fashion. As shown in figure 49, virtually 
all the productive deposits lie close to, and gen- 
erally just below, the Coast Range thrust, which is 
a major late Mesozoic subduction zone (Bailey and 
others, 1970). This major structure provides an 
unusually fine guide to where to look for more ore, 
but through the past 100 years, the part of Cali- 
fornia indicated to be most favorable has been so 
well explored that the discovery of new mercury 
deposits of significant size cannot be expected. 

The use of principles of global tectonics indicates 
areas to be explored for new mercury deposits, and 
new ones will probably be found along the favorable 
belts. Considering the rate of discovery of the past 
100 years, it seems likely that even with better 
geologic guides and exploration techniques, the 
amount of mercury discovered in new districts will 
not equal the amount consumed. Most of the undis- 
covered resources will come from new ore bodies to 
be found in districts now being exploited. 


PROSPECTING TECHNIQUES 


The most widely used, and most successful, pros- 
pecting technique has been simple panning of stream 
sediments or slope debris. Most standard geophysical 
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methods have been tried, but they do not seem to 
be generally applicable to the search for mercury 
deposits. In recent years, various geochemical ex- 
ploration techniques have been used with some suc- 
cess. Stream sediment sampling has been done by 
Clark and others (1970a, b, c, and 1971), and soil 
sampling has been widely used. Shacklette (1965) 
has applied geobotanical methods, and McCarthy, 
Vaughn, Learned, and Meuschke (1969) have shown 
that determination of mercury vapor in soil or air 
over deposits is useful for locating mercury or some 
base-metal deposits. Recent refinements of methods 
for measuring trace amounts of mercury have made 
geochemical methods of prospecting more reliable 
and useful (Barringer, 1966; Dinnin and Worthing, 
1966; Hinkle and others, 1966; Vaughn, 1967; Man- 
ning (1970), Plimmer and Klingebiel, 1971; Weiss- 
berg, 1971). 


PROBLEMS FOR RESEARCH 


The immediate problems of mercury supply for 
the United States are chiefly nongeologic. For many 
years the domestic mercury-mining industry has 
had difficulty competing with foreign producers who 
have such rich ores and cheap labor that they can 
undersell U.S. producers, thus closing down U.S. 
mines. Intensive exploration might find a new rich 
ore body in the United States, but the chances of 
such a discovery are small. The problems of utiliz- 
ing our lower grade ores are well known and need 
no discussion here. However, in the past 5 years a 
new problem has been introduced—that of the un- 
desirable effects of mercury pollution—and much 
research is needed to evaluate properly the degree 
of mercury pollution brought about by industrializa- 
tion and its effects. 

Both mercury liquid and vapor, as well as nearly 
all compounds of mercury, are toxic; fortunate 
exceptions are the most common ore minerals, the 
mercuric sulfides. Mercury poisoning has been rec- 
ognized for centuries and has been guarded against 
by both mercury mining and utilizing industries. 
Recently, it has become a concern, partly because 
of public awareness regarding general environ- 
mental deterioration, and partly because recent im- 
provements in detection and measurement tech- 
niques have for the first time allowed accurate 
determination of low-level mercury contamination. 
In addition, the increased use of mercurial germi- 
cides and the more numerous chlorine-caustic soda 
plants discharging mercurial waste into lakes and 
rivers have led to identified cases of mercury poison- 
ing of birds, fishes, and humans (Goldwater, 1971; 
Wallace and others, 1971). 
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FIGURE 49.—Relation of mercury deposits of California to the Coast Range thrust. 


MERCURY 


In the early 1950’s, in Sweden and Finland, popu- 
lation declines of seed-eating birds were traced to 
methyl mercury used as seed dressing for the pre- 
vention of plant diseases, and similar declines 
among birds living on fish from waters contaminated 
by methyl mercury were also found. Sweden banned 
the use of mercurials in seed dressing in 1966, and 
the sale of fish from about 40 lakes in 1967. Also, in 
Iraq (1956), West Pakistan (1961) and Guatemala 
(1963), humans were poisoned by eating seed grain 
treated with mercurial fungicides. 

In Japan, between 1953 and 1960, 110 people were 
poisoned by eating fish from Minamata Bay, which 
was contaminated by methyl mercury in waste 
water from a plastics plant; subsequently, 52 deaths 
were reported. Fishing was prohibited, and mercury 
was eliminated from the discharge. In Niigata, 
Japan, in 1965, five deaths resulted from 26 cases 
of mercury poisoning; the people poisoned had been 
eating fish containing as much as 20 ppm (parts 
per million) mercury as often as three times a day. 
The plant to which discharges were traced was 
closed. 

In the United States in 1969, several members of 
a farm family in Alamagordo, N.Mex., were poi- 
soned by eating pork from hogs that had been fed 
seed grain treated with a fungicide containing 
mercury. 

In Canada in 1970, walleye pike in Lake St. Clair 
were found to contain as much as 7 ppm mercury. 
The mercury was traced to the discharges from two 
chlor-alkali plants—one at Sarnia, Ontario, and the 
other in Michigan—and commercial fishing in the 
lake was prohibited. In the United States in late 
1970, food testing revealed 0.18 to 2.4 ppm mercury 
in swordfish and as much as 1.12 ppm in 138 sam- 
ples of canned tuna tested. Both were removed from 
the markets (214 million cans of tuna), but tuna 
was later declared safe to eat. Subsequently, analy- 
ses of seven museum specimens of tuna caught be- 
tween 1878 and 1909, and of one swordfish caught 
in 1946, showed mercury in about the same amount 
(0.18 to 1.27 ppm) as specimens caught in 1971. 

By mid-1972, the use of 12 pesticides was pro- 
hibited, registration of 48 mercury compounds used 
for algaecides, slimicides, and commercial launder- 
ing was suspended, and use of 750 other compounds 
was conditionally cancelled. Proposed mercury- 
emission standards would prohibit the release into 
the atmosphere of more than 5 pounds per 24-hour 
period, which would be difficult for a large mercury 
furnace plant to meet (Federal Register, 1971). 

More research is needed to ascertain the quanti- 
ties of mercury in various environments in the litho- 
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sphere, the reaction of mercury minerals in the 
weathering and transportation cycle, the formation 
of the easily assimilated toxic organic mercury 
compounds, the distribution of mercury in the bio- 
logical food chain, and human tolerance levels. 

Other research should be directed toward im- 
proved techniques for recovery of mercury not only 
from ores but especially from industrial wastes. 
Such research could simultaneously improve the 
environment and provide some of the mercury 
needed by our highly industrialized society. 
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ABSTRACT OF CONCLUSIONS 


Sheet mica has been an important strategic mineral used 
in electrical appliances, vacuum tubes, capacitors, and vari- 
ous other electrical and nonelectrical products. The United 


States has not been self-sufficient in sheet-mica production 
since before the turn of the 20th century and has im- 
ported supplies to meet half to all of its needs, mostly from 
India, Brazil, and Malagasy Republic. Sheet-mica uses are 
declining with advancing technology and introduction of 
substitutes. Although the United States has undiscovered 
and paramarginal resources of sheet mica, the high cost of 
the necessary hand labor involved in mining and prepara- 
tion of sheet mica deters exploration, development, or fur- 
ther mining. 

Average United States scrap-mica production is increas- 
ing, but reserves and resources are adequate for foreseeable 
demand. The United States is self sufficient in flake-mica 
production and is a net exporter of ground mica. 


INTRODUCTION 


Mica is the general group name for several com- 
plex hydrous aluminum silicate minerals. The prin- 
cipal mica minerals are muscovite (white mica), 
biotite (black mica), and phlogopite (amber mica). 
All have a perfect basal cleavage and form crystals. 
that can be split into thin sheets having various 
degrees of transparency, toughness, flexibility, and 
elasticity. The micas are common minerals in ig- 
neous, metamorphic, and some sedimentary rocks. 
Muscovite is the most important commercial mica 
in the United States. Phlogopite is generally inferior 
to muscovite except in uses that require resistance 
to high temperature: muscovite breaks down at 
temperatures of more than 500°C, whereas phlogo- 
pite is relatively stable up to 1,000°C. Biotite is 
inferior to muscovite and phlogopite and has little 
commercial value. 


TYPES AND USES OF MICA 


Two types of mica are sold: sheet mica, which 
must be relatively flat, free from most defects, and 
large enough to be cut into pieces at least 1 square 
inch; and scrap mica, which is all mica that does 
not meet sheet-mica specifications and that is gen- 
erally ground to a powder. Small sheets of un- 
trimmed mica of poorer quality that can be punched 
or trimmed into disks at least 1 inch in diameter 
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are classified as punch mica and are included in the 
general term “sheet mica.” Built-up mica made 
from very thin sheets and reconstituted mica made 
from scrap can be substituted for larger sheet 
mica for some uses. 


SHEET MICA 


Sheet mica is an important dielectric and insulat- 
ing material used in the manufacture of electronic 
and electrical equipment, such as electronic vacuum 
tubes for radio and television, capacitors, motors, 
transformers, generators, and electrical appliances. 
Nonelectric uses include shields for high-tempera- 
ture steam-gage glasses, regulator diaphragms, and 
in years gone by, stove windows and lamp chimneys. 
The value of sheet mica depends on the color, size, 
structure, and quality of the natural crystals. Qual- 
ity of sheet mica varies widely within and between 
mica districts and even within a single deposit or 
mica-rich shoot. 

A variety of synthetic materials—such as built-up 
mica, reconstituted and glass-bonded mica, organic 
polymers, and synthetic mica—and alternate ma- 
terials—such as alumina ceramics, fused quartz, and 
talc—are replacing sheet mica in some uses. Tech- 
nological developments, such as miniaturization of 
circuits and solid-state electronics, also reduce the 
need for sheet mica. 

Muscovite in sheets as thin as paper is generally 
colorless, but thicker sheets may range from red or 
yellow brown to greenish brown or green. Reddish 
brown or ruby mica is generally thought to be of 
slightly better quality and brings a higher price 
than the other varieties of mica. 

The best sheet mica is clear, flat, and free of 
mineral inclusions and structural defects. Mica that 
contains inclusions or impurities is called stained 
mica. Primary impurities are air bubbles, mottling, 
and mineral intergrowths; secondary impurities are 
air creep, clay, iron oxide and manganese oxide in- 
clusions, and organic or vegetable stain. 

Structural defects of the mica crystals are also 
of primary and secondary origins. The most com- 
mon primary defects are reeves and wedge struc- 
ture. Reeves are lines, striations, or shallow corru- 
gations that lie in the plane of the cleavage. Where 
two sets of reeves intersect at an angle of nearly 
60°, the resulting mica is said to have “A” structure. 
Wedge structure is caused by interlayering of sheets 
of unequal size. Some muscovite crystals, or books, 
have discontinuous sheets, partial intergrowth of 
sheets, or internal distortions and do not split freely. 
These books, termed “locky,” or “tangled,” are used 
only for scrap. Secondary structural defects include 
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bending, cracking, twisting, and ruling, all caused 
by deformation of the mica after crystallization. 
Ruling is a secondary cleavage that cuts the basal 
cleavage at an angle of nearly 67°. 

Crude books of mica must be at least 2 inches 
across to yield trimmed sheet mica. The average 
commercial book is about 5 inches across and about 
Ys to 14 as thick as it is wide. In some deposits 
books measuring 8 to 12 inches are common. Some 
larger books as much as several feet across and 
weighing 50-300 pounds have been found. 


SCRAP MICA 


Many pegmatite deposits contain only scrap- 
quality mica, and a large amount of scrap is pro- 
duced during the mining, trimming, and fabricat- 
ing of sheet mica. Such scrap is of high quality and 
is in great demand for making mica paper or recon- 
stituted mica. Scrap mica obtained from clay or 
feldspar deposits or from mica schists is generally 
finely divided and is often called flake mica. 

Scrap mica from sheet operations, from scrap 
mining, and from clay and feldspar mining may be 
blended before grinding to either dry-ground or 
wet-ground mica. Wet-ground mica is produced in 
chaser mills using wooden grinding surfaces. The 
finished product is usually white and has a greasy 
ungent feel and a pronounced sheen (Broadhurst 
and Hash, 1953, p. 9). Individual particles are 
highly polished and have smooth edges. Particle 
size generally ranges from 80 to 325 mesh. Wet- 
ground mica is used chiefly in the manufacture of 
wallpaper, rubber goods, and paint. 

Dry-ground mica is produced in rod mills, ham- 
mer mills, cage disintegrators, and various types of 
attrition mills (Skow, 1962, p. 89). The product is 
a flat white powder having little luster; individual 
particles have rough edges and little polish. Particle 
size ranges from 20 to 250 mesh. Some special mi- 
cronized mica has particle sizes of 1,000—3,000 mesh, 
or 5-20 microns. Dry-ground mica is used chiefly 
in the manufacture of rolled roofing or asphalt 
shingles, wallboard or joint cement, oil-well drilling 
mud, paint, rubber goods, plastic, and welding rods. 
The value of scrap mica depends on color and free- 
dom from impurities. Various other mineral fillers 
can substitute for ground mica in most uses. Syn- 
thetic fluorophlogopite can substitute for scrap in 
reconstituted mica (Shell and Ivey, 1969, p. 214). 


EXPLOITATION 


Mica was mined in North Carolina, Virginia, and 
Alabama by the Indians more than a thousand years 
before the coming of the white man (Prufer, 1964, 
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p. 90), but modern mica-mining began in New 
Hampshire in 1803 and in North Carolina in 1867. 
The grinding of scrap mica began in a small way in 
North Carolina about 1870 (Broadhurst and Hash, 
1953, p. 13) and grew rapidly after 1890. 

In the United States, mica has been produced 
mostly in the Blue Ridge Mountains of North Caro- 
lina and in the Piedmont from Virginia to Alabama. 
Next in importance have been the New England 
States of New Hampshire, Maine, and Connecticut, 
and then the Black Hills of South Dakota. Smaller 
amounts have been produced in Colorado, Idaho, and 
New Mexico, and minor production is reported from 
Arizona, California, Montana, Nevada, and Wyo- 
ming. A few deposits are known in Maryland, Mas- 
sachusetts, Minnesota, New Jersey, New York, 
Pennsylvania, Texas, Utah, Vermont, and Wash- 
ington. North Carolina has been the principal pro- 
ducer of sheet mica and produces yearly 50-60 
percent of the domestic scrap mica. 

Because of the high cost of hand labor, the 
United States produces only a small amount of its 
domestic needs for sheet mica and relies on imports 
from India, Brazil, and Malagasy Republic for its 
principal requirements (fig. 50). In 1970, no pro- 
duction of sheet mica was reported in the United 
States for the first time in over 100 years, and it is 
unlikely that there will be much future production. 
U.S. imports of sheet mica have declined since 1950 
because of the impact of improved technology and 
the availability of substitutes. In 1971, the Indian 
Government announced its decision to take over 
mica exports as of January 1972; the effects of this 
decision on the industry are not known. 

The United States is the major producer (fig. 51) 
and consumer of scrap mica, including flake mica. 
Increased use of scrap probably depends on in- 
creased needs in housing for rolled roofing, joint 
cement, and paint. 

North Carolina is the principal producer of scrap 
mica. Other States producing scrap in 1970 included 
Alabama, Arizona, Colorado, Connecticut, Georgia, 
New Hampshire, New Mexico, South Carolina, and 
South Dakota. Production for the rest of the world 
is mostly waste from the mining of sheet mica in 
India, Brazil, and Malagasy Republic. 


MINING AND PREPARATION 


Sheet-mica mining methods are simple and some- 
times primitive. Most of the mines are small and 
shallow and require a minimum of equipment. Open- 
pit methods are used where possible, but most de- 
posits are mined to some extent in underground 
workings that are generally irregular and follow 
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FiGcurRE 50.—Production of sheet mica in the United States 
compared with imports of sheet mica, 1900-70. Data from 
U.S. Geological Survey and U.S. Bureau of Mines, Mineral 
Resources of the United States and Minerals Yearbook, 
1900-70. 


the mica in rich shoots or from one rich pocket to 
another. Drilling and blasting must be done care- 
fully to avoid damage to the mica. After a blast, 
crystals of mica are handpicked from broken rock. 
Large rocks are broken with sledges, and both 
waste and mica are usually hoisted to the surface. 
Because of the handwork involved, mining costs are 
high in relation to the average amount of sheet mica 
found in most deposits. Inefficiency and waste are 
common in mica mining. Handcobbed feldspar is 
sometimes recovered as a byproduct. 

Processing of sheet mica requires extensive hand 
labor in cobbing or removing dirt or rock from the 
books, in rifting or splitting the books into thin 
sheets, and in trimming broken edges and imper- 
fections from the sheets. Complete quantitative data 
are not available, but recovery of good trimmed mica 
from crude mica ranges from 2 to 8 percent for the 
average mine and is as much as 19 percent from 
good-quality crude mica in a few mines (Urban, 


| 1982; Amos, 1959, table 1, p. 33). 
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1900-70, compared with that in the rest of the world, 
1925-70. Data from U.S. Geological Survey and U.S. 
Bureau of Mines, Mineral Resources of the United States 
and Minerals Yearbook, 1900-70. 


Details of the preparation and classification of 
mica and trade practices of the industry are too 
elaborate to discuss here, but they have been de- 
scribed well by Rajgarhia (1951), Skow (1962), 
Montague (1960), Jahns and Lancaster (1950), 
and Wierum and others (1938). 

Most deposits of scrap mica must be deeply weath- 
ered so that they can be mined in bulk with power 
equipment and the ore can be washed and screened 
to recover the mica. The content of recoverable 
mica ranges from 3 to 20 percent. In simple wash- 
ing plant operations, mica smaller than 8 mesh is 
not recovered readily; but through the use of spiral 
methods of concentration, better recovery is pos- 
sible (Broadhurst and Hash, 1953, p. 6; Skow, 1962, 
p. 86). 


PRICES 


The selling price of mica ranges from only a few 
cents per pound for punch or scrap to many dollars 
a pound for large sheets of the best quality. In 1970, 
prices for sheet mica ranged from $0.85 a pound 
for sheets 114 inches across to $8.00 a pound for 
sheets 8 inches or more across. Punch mica brought 
$0.07-$0.12 a pound. Scrap mica generally brought 


$30-$40 per short ton. Ground mica prices were | 
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$0.02-$0.04 a pound for dry-ground mica and 
$0.075-$0.095 a pound for wet-ground mica. 


GEOLOGIC FEATURES OF MICA DEPOSITS 


Sheet-muscovite deposits occur in coarse-grained 
igneous rocks called pegmatites; scrap-mica de- 
posits are found in pegmatites, granite, and mica- 
rich metamorphic rocks. Phlogopite deposits are in 
pyroxenite layers in marble or gneiss. 


PEGMATITES 


Most pegmatites are light-colored coarsely crystal- 
line igneous rocks, commonly found as dikes or sills 
in metamorphic rocks or in large granitic intru- 
sions. Individual mineral grains and crystals range 
in length from less than 1 inch to many feet, and 
a large variation in grain size within a single peg- 
matite body is common. 

Pegmatites range from small pods and thin seams 
to large masses hundreds of feet thick and thou- 
sands of feet long. In general, they are tabular or 
lenticular bodies. Some pinch and swell along strike 
or downdip, or both. Most lenticular bodies are dis- 
coidal, but some bodies are best described as tongue- 
like or pipelike. In some pegmatite districts, most 
of the deposits are concordant with the foliation of 
the enclosing country rock; in others, most are dis- 
cordant bodies in joints or faults. Branching, folded, 
or irregular bodies may be present in areas of com- 
plex structure. Most elongate bodies and minor 
bulges or rolls in concordant pegmatites are gen- 
erally parallel to the plunge of minor structural 
features in the country rock. 

Pegmatites are composed mostly of feldspar, 
quartz, and mica but may contain accessory min- 
erals such as garnet, tourmaline, apatite, and beryl 
and unusual or rare minerals of many types. The 
many and unusual minerals found in some pegma- 
tites make pegmatites favorite collecting sites for 
mineralogists and rockhounds. 

Plagioclase is generally the most common feld- 
spar in muscovite-rich pegmatite. Perthite or per- 
thitic microcline, an intergrowth of plagioclase and 
microcline feldspars, is generally present and may 
be abundant in some pegmatites. The feldspars are 
discussed in greater detail in a separate chapter. 

Book mica in commercially mined pegmatite gen- 
erally constitutes 2-6 percent of the rock. Local 
rich shoots or pockets might have as much as 40 
percent muscovite, but large volumes of pegmatite 
have no more than 2 percent. 

The minerals in many pegmatites are almost 
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evenly distributed throughout, but in other pegma- | spatial relationship between pegmatite and large 


tites the minerals are segregated into certain layers 
or parts of the body called zones. At places, these 
zones can be mined selectively to recover the desired 
minerals by hand sorting and are, therefore, im- 
portant economically. In general, zones are succes- 
sive shells, complete or incomplete, that commonly 
reflect the shape or structure of the whole pegma- 
tite body. Where best developed, the zones are con- 
centric about an innermost zone, or core, and ac- 
cording to accepted practice, the zones from the 
outermost one inward to the core are called border 
zone, wall zone, intermediate zones, and core. 

Border zones are generally thin fine-grained sel- 
vages of quartz-mica-feldspar pegmatite; wall zones 
are of similar composition but are coarser grained. 
Intermediate zones may contain mixtures of several 
minerals or virtually all one mineral, usually feld- 
spar. Most cores are a single mineral—commonly 
quartz or potash feldspar. The best quality and 
greatest concentration of sheet muscovite are com- 
monly in the wall zone; less important concentra- 
tions are in intermediate zones and the core margin. 
In poorly zoned pegmatite, muscovite is scattered 
throughout the rock. 

The principal mica pegmatite districts in the 
United States are in New England (Cameron and 
others, 1954), the Southeastern Piedmont from Vir- 
ginia to Alabama (Jahns and others, 1952), the 
Blue Ridge Mountains in North Carolina (Lesure, 
1968), the Black Hills of South Dakota (Page and 
others, 1953), and northern New Mexico (Jahns, 
1946). Less important districts are in Idaho and 
Montana (Stoll, 1950), Colorado and Wyoming 
(Hanley and others, 1950), Nevada (Olson and 
Hinrichs, 1960), and California (Lesure, 1966). In 
India, the most important mica pegmatite districts 
are in Bihar, Madras, and Rajasthan (Skow, 1962; 
Rajgarhia, 1951). In Brazil, the important mica 
pegmatite districts are in Minas Gerais (Pecora 
and others, 1950). Important mica pegmatite dis- 
tricts are also known in Argentina, parts of Africa, 
the Soviet Union, and China (Skow, 1962). 

The origin of pegmatites has been studied by 
hundreds of workers for more than 100 years. 
Jahns (1955) gives an extensive bibliography of 
these studies. Recent reports (Jahns and Tuttle, 
1963; Jahns and Burnham, 1969) stress the origin 
of granitic pegmatite from crystallization of gra- 
nitic magma in place in virtually a closed system 
with little or no wallrock alteration. In many dis- 
tricts, like the Black Hills of South Dakota, the 


masses of granite indicates the same or a similar 
source. In other areas, like parts of the Blue Ridge 
Mountains of North Carolina, no close relationship 
to granitic masses is evident, but the mica pegma- 
tites are restricted to areas where regional meta- 
morphism has reached at least kyanite or sillimanite 
grade. 


PHLOGOPITE DEPOSITS 

According to Hoadley (1960, p. 45), the occur- 
rences and distribution of phlogopite deposits are 
everywhere similar. Known deposits are in areas of 
metamorphosed sedimentary rocks intruded by 
masses of pegmatite-rich granitic rocks. The phlogo- 
pite deposits commonly are in veins or irregular 
pockets in diopsidic pyroxenite interlayered with 
or cutting marble or gneiss. The pyroxenite may be 
normal intrusive mafic igneous rock or a contact 
metamorphic alteration of crystalline carbonate by 
solutions from granitic magma. The phlogopite de- 
posits may also have formed by contact metamorph- 
ism at about the same time as the surrounding 
pyroxenite. The principal resources of phlogopite 
are in the Malagasy Republic (Murdock, 1963, p. 
124-129) ; minor deposits are found in Canada 
(Hoadley, 1960), Mexico (Larrabee, 1946), Ceylon, 
and the Soviet Union (Skow, 1962). The United 
States has no commercial phlogopite deposits. 


SCRAP- AND FLAKE-MICA DEPOSITS 

The original source of scrap mica was the waste 
from sheet-mica mining and preparation, hence the 
name scrap. About 1910, however, demand for scrap 
had increased so much that mica deposits contain- 
ing poor quality sheet or smaller sizes were being 
mined for just the scrap content. Today in Spruce 
Pine, N.C., which produces nearly half the scrap 
mica mined in the United States, deeply weathered 
alaskite bodies containing 10-20 percent muscovite 
are mined for fine-grained scrap mica or flake mica. 
In such deposits, depths to unweathered rock may 
be 50-100 feet for areas of several acres. Some de- 
posits are mined for clay, and the mica is recovered 
as a byproduct; some are mined for mica, and the 
clay generally is lost in the washing process. Un- 
weathered alaskite is mined for feldspar, and mica 
is recovered as a byproduct. 

Flake mica can also be recovered from muscovite 
schist, a rock found in many metamorphic terranes. 
Such deposits may be a few tens or hundreds of 
feet thick and many miles long. Mica content can 
range from a few percent to at least 90 percent. 
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Many other minerals are commonly present, includ- 
ing quartz, feldspar, garnet, kyanite, and graphite. 
Most mica schist was originally fine-grained silt- 
stone or shale, which was subjected to at least 
medium-grade regional metamorphism. 

Where slightly weathered, mica schist can be 
easily mined. Recent work by the U.S. Bureau of 
Mines (Browning and Bennett, 1965; Adair and 
Browning, 1969) has developed methods of con- 
centrating good-quality flake mica from mica schist. 
Preliminary studies in North Carolina indicate that 
the percentage of mica in schist ore is about four 
times as high as that of mica ores now being mined, 
and a flow sheet was developed that would make 
mica-schist products competitive in the present 
market (Lewis and others, 1971). 

Another type of flake-mica deposit mined in Lan- 
caster County, S.C., is very fine grained and clay- 
like. The original rock, apparently a volcanic ash 
or tuff, has been altered to a mixture of sericite 
(fine-grained muscovite) and quartz. The rock is 
easily mined and requires minimum preparation for 
sale as a mineral filler. 

Muscovite is one of the more stable rock-forming 
minerals and under ideal conditions will be con- 
centrated in sediments. Such a deposit of detrital 
mica in Holocene sediments was mined in Davy 
Crockett Lake, Greene County, Tenn., from 1956 
to 1960. The conditions of formation of this deposit 
are unusual; the lake is downstream from the wash- 
ing and grinding plants of the Spruce Pine pegma- 
tite district, and fine mica, which was lost in min- 
ing and processing of clay, feldspar, and scrap mica, 
collected in the headwaters of the lake. Similar de- 
posits may occur elsewhere in the world where 
weathered metamorphic and igneous rocks are being 
eroded. 


RESOURCES 
IDENTIFIED AND HYPOTHETICAL RESOURCES 


Few quantitative data are available to estimate 
reserves or resources of sheet mica. Most of the 
deposits mined to date were found by testing sur- 
face outcrops. Some mines have reached depths of 
300-400 feet in the United States and as much as 
800 feet in India. If the present surface is consid- 
ered a random sample of what occurs at depth, then 
many pegmatites in the world do not crop out but 
are still within mining depth (less than 500 ft). On 
this basis, conditional and hypothetical resources of 
sheet mica in the United States probably are at 
least equal to the amount already mined—that is, 
about 75 million pounds of sheet mica in deposits 
similar to those mined but not exposed at the sur- 
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face in the principal mica pegmatite districts men- 
tioned previously. Unless the economics of sheet- 
mica mining change radically, little of this hypo- 
thetical mica will ever be looked for or mined. In 
case of a national emergency, initial demand for 
sheet mica will be filled by the Government stock 
piles (table 84). 


TABLE 84.—Sheet mica on hand in all U.S. Government in- 
ventories, as reported by General Services Administration, 
March $1, 1972 


[Classification: block mica, minimum thickness of 0.007 in. and minimum 
usable area of 1 sq in.; film mica, variable thicknesses ranging from 
0.0012 to 0.004 in. and minimum usable area same as block mica; 
splittings, maximum thickness of 0.0012 in. and minimum usable area, 
for top qualities, of 0.075 sq in. (Skow, 1962, p. 4)] 

Classification Weight (pounds) 

Muscovite block, stained and better ______________________ 10,648,007 

Muscovite block, nonstockpile grade ~-___________________ 3,503,422 

Muscovite film, lst and 2d qualities ______________________ 1,468,340 

Muscovite film, nonstockpile grade ___ = 640 

Muscovite. splittings, =.=. —- =—_ ===. = 5 ee 37,630,605 

Phlogopite block 16.721 

Phlogopite block, nonstockpile grade ~~ __________________ 

Phlogopite: splittings) -2 220 S222 0020) es LW ESE oes 


137,217 
4,569,274 


Resources of sheet mica also occur similarly in 
many countries throughout the world. Some of these 
are Canada, Guatemala, Argentina, Bolivia, Colom- 
bia, Austria, France, Norway, Rumania, the Soviet 
Union, Burma, China, Australia, and several small 
districts in Africa. The major resources of sheet 
muscovite, however, are in India and Brazil, and 
the major resources of phlogopite are in the Mala- 
gasy Republic. No quantitative data are available 
to estimate reserves or resources of sheet mica in 
these countries, but the resources in the Bihar and 
Madras areas of India are probably very large. 
Resources in Brazil, West Africa, Rajasthan area 
of India, and the Lake Baikal and Sayan Upland 
areas of the Soviet Union are large (Skow, 1962, 
p. 42). Resources in the other countries are small 
to moderate. 

A few data are available to estimate resources of 
scrap mica. Although mica-rich zones in some peg- 
matite bodies may contain as much as 40 percent 
mica, the largest resources of scrap mica are in 
mica schists that may contain as much as 90 per- 
cent mica and in muscovite granites that contain 
10-20 percent. Using a conservative figure of 40 
percent mica, the average mica schist would contain 
1,450 tons of mica per acre-foot of outcrop area. 
Mica schist formations are typically measured in 
tens or hundreds of feet in outcrop width and miles 
in outcrop length. Muscovite granites like the alas- 
kite of Spruce Pine, N.C., or the granite of Stone 
Mountain, Ga., are principally a source of feldspar 
but contain 350-700 tons of byproduct or coproduct 
mica per acre-foot and have outcrops measured in 
Many acres or square miles. Assuming a mining 
depth of 100 feet, the resources of scrap mica per 
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acre of schist would be 145,000 tons and of granite, 
35,000 tons. 

In areas where geologic and mining data are avail- 
able, good estimates of resources can be made. Thus, 
reserves of primary scrap or flake mica in the 
Spruce Pine district have been estimated as 45-50 
million tons in material similar to that currently 
being mined (Brobst, 1962, p. 15-16). Conditional 
and hypothetical resources of scrap mica in that 
district may be several times greater than reserves. 
Hypothetical resources of scrap mica in mica schist, 
weathered pegmatite, and granite in the rest of the 
Blue Ridge Mountains and Piedmont in the south- 
eastern States must equal or be many times greater 
than the reserves in the Spruce Pine district. 

Similarly immense hypothetical resources of scrap 
mica are present in pegmatites, granites, and mica 
schist in metamorphic and igneous terranes in New 
England; the Black Hills of South Dakota; the 
Llano area of Texas; the Rocky Mountains; isolated 
mountains in Arizona, Utah, and Nevada; parts of 
California; and other areas of the United States. 
However, projected annual demand in the United 
States for flake mica by the year 2000 ranges from 
280,000 to 550,000 tons (Petkof, 1970, p. 1096) ; 
thus, the resources of just the Spruce Pine district 
seem adequate to meet the expected demand for 
years to come. 

World resources of scrap mica in pegmatite, mica 
schist, and granite are probably at least of the 
same order of magnitude as the U.S. resources. 
Production of scrap mica outside the United States 
has come mostly from mine scrap, and deposits of 
flake mica are largely undeveloped. Scrap-mica re- 
serves and resources in India must be very large; 
about 10 million tons of scrap were heaped near 
mines and factories in 1965 (W. R. Griffitts, written 
commun.). The other sheet-mica-producing countries 
must have similar supplies of scrap because world 
demand has generally been much less than United 
States demand. 


SPECULATIVE RESOURCES 


Even less can be said about speculative resources 
of sheet mica than about reserves and hypothetical 
resources. Commercial sheet muscovite is found 
only in pegmatite deposits, and most of the pegma- 
tite districts in the world have probably been 
found. The chances of finding a large previously 
undiscovered district seem negligible because peg- 
matite minerals are coarse grained and so unusual 
that they are not easily ignored. The distribution 
of phlogopite deposits is probably less well known, 
but again, chances of finding a large undiscovered 
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district seem poor. Speculative resources of sheet 
mica, therefore, are probably not large. 

In contrast to speculative resources of sheet mica, 
those of flake mica are probably large. Large areas 
of metamorphic rock known to exist throughout the 
world have not been studied in enough detail to 
outline mica schist deposits that might be a source 
of flake mica. Deposits of hydrothermally altered 
rock containing fine-grained muscovite like that 
being mined in South Carolina may be widespread 
but, have not been evaluated as a mica resource. 
Deposits of detrital mica similar to that mined in 
Davy Crockett Lake, Tenn., represent another type 
not exploited to any great extent. All such deposits 
may be very widespread and may represent large 
speculative resources of flake mica. 


PROSPECTING TECHNIQUES 


Most sheet-mica mines are in pegmatites that 
were found because they were exposed at the sur- 
face. Chips of coarse mica in the soil, exposures of 
massive quartz, or white clay weathered from a 
feldspar-rich zone are good signs of a potentially 
mica-bearing pegmatite. Prospecting consists of 
trenching, digging shallow pits, or sinking shafts 
or inclines in a pegmatite. The pegmatite is tested 
for mica concentrations along the contacts with 
wallrocks or in the different zones. In the past 20 
years some drilling has been done, but generally, 
drilling only proves the presence or absence of peg- 
matite and reveals little about any mica that it may 
contain. Only by mining a large enough sample of 
mica-bearing pegmatite can the miner establish, 
from the size, quantity, and quality of the mica, 
feasibility of development of the pegmatite. Geo- 
logic mapping to determine structure and meta- 
morphic grade of the country rock may help out- 
line potential areas for prospecting. Most sheet- 
mica-bearing pegmatites not in granitic rocks are 
in metasedimentary rocks that are products of 
medium- to high-grade (kyanite- or sillimanite- 
grade) regional metamorphism. If there has been 
later deformation, the pegmatite may contain mica 
that is deformed and good only for scrap. Mapping 
and detailed study of pegmatites begun during 
World War II proved that reserves and resources 
can be calculated in zoned pegmatites if the geologic 
details are known (Cameron and others, 1949; 
Jahns, 1955; Norton and Page, 1956). Study of the 
use of geophysical or geochemical techniques in 
looking for concealed deposits should be made. Small 
positive geochemical anomalies of various trace ele- 
ments have been found in gneiss and schist within 
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5-50 meters of pegmatite that is rich in potash 
feldspar and mica (Shmakin and others, 1971). 

Most prospecting is still done by prospectors who 
have developed their own criteria for finding mica 
through years of experience. The success of the 
Indian mica industry is in part the result of low 
labor costs that have permitted intensive and con- 
tinued prospecting for new deposits by individual 
prospectors. For every 100 pegmatites that the In- 
dians find, however, only two or three prove rich 
enough to develop for commercial mining (Raj- 
garhia, 1951, p. 49). This ratio of productive to 
nonproductive pegmatites seems applicable to the 
world supplies. 


PROBLEMS FOR RESEARCH 


The principal problems of the mica industry are 
the high cost of hand labor needed for mining and 
processing of sheet mica and the increasing use of 
substitutes or decreasing need for sheet mica be- 
cause of improved technology. The U.S. Bureau of 
Mines forecasts a drastic reduction in sheet mica 
needs by the year 2000 (Petkof, 1970, p. 1093), 
and there is little reason to believe that sheet-mica 
mining will ever again be important in the United 
States. With the decrease in mining and processing 
of sheet mica, the amount of high-quality scrap will 
also decrease. Increased use of synthetic mica as a 
substitute for coarser scrap in reconstituted mica 
can be expected. Large supplies of high-quality scrap 
probably will be available from India as long as the 
sheet-mica industry is active there. In the United 
States, a need for scrap- or flake-mica sources closer 
to the active industry could be met by continued 
evaluation of mica schist deposits that are outlined 
by regional geologic mapping. 
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ABSTRACT OF CONCLUSIONS 
Molybdenum, a rare metal widely dispersed in the rocks 
of the earth’s crust, occupies an essential place in today’s 
highly sophisticated industries. 


World production of molybdenum iis about 200 million 
pounds per year, of which ‘about 60 percent is produced im 
the United States. Identified resources amounting to about 
17.5 million tons of molybdenum in ‘the United States and 
about 32 million tons in the world and occurring both as the 
primary metal sulfide in large low-grade porphyry molybde- 
num deposits and as a subsidiary metal sulfide in large low- 
grade porphyry copper deposits, seem adequate to supply 
world needs for the forseeable future. 

To assure economic availability of these resources and to 
discover additional resources that surely will be needed if 
world demand continues to escalate and if environmental 
problems should tend to restrict the commercial development 
of resources, employment of our most sophisticated explora- 
tion techniques will be essential. Successful prediction of the 
location of undiscovered molybdenum resources will depend 
upon an understanding of the genetic relationship of molyd- 
denum to associated magmatic rocks, the environments in 
which these magmatic rocks were emplaced, and the role of 
plate tectonics in developing favorable environments and 
mechanisms for the generation and emplacement of molyb- 
denum-carrying rocks. 


INTRODUCTION 


Molybdenum, discovered in the last 1770's, is a 
metal of fairly recent entry into the commercial 
market, having come into significant use during the 
1920’s as a result of extensive metallurgical research 
into its alloying properties and as a result of the 
establishment at Climax, Colo., of proved reserves 
sufficient to supply world demand for many years 
at a reasonable price. Its importance as an alloying 
metal is due chiefly to the increase in hardness, 
toughness, and resistance to corrosion and wear at 
elevated temperatures that it imparts to iron, steel, 
and stainless steel. 

Molybdenum is a silvery-gray metal having a 
high specific gravity (10.2)—slightly higher than 
copper—and a melting point of 2,620°C—the fifth 
highest melting point of all metals. It is ductile and 
has a hardness of about 200 V.P.N. (Vickers Pyra- 
mid Number) and its coefficient of thermal expan- 
sion is among the lowest of metals. It is resistant 
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to acids and oxidation at ordinary temperatures. It 
has a high thermal conductivity and good electrical 
conductivity. 

The principal uses of molybdenum are in the iron 
and steel industries with 70 percent of the apparent 
consumption going into high-speed, tool, stainless, 
and low-alloy construction steels and 20 percent 
going into special alloys and castings; the remain- 
ing 10 percent is used as molybdenum metal and in 
pigment, catalysts, agriculture, chemicals, and 
lubricants. 

It must be evident from the above list of uses 
that molybdenum is an essential metal in a highly 
sophisticated industrialized nation such as the 
United States and that it is equally essential in 
other industrially developed countries. The extent 
to which our present living standards depend on 
the ready availability and constant supply of mo- 
lybdenum may be illustrated by an example of 
molybdenum utilization in the automotive industry: 
10 million units yearly production consumes more 
than 2 million pounds of molybdenum, a significant 
consumption despite the small weight of molybde- 
num used per unit. 

Without molybdenum as an alloying metal, super- 
strength steel as used in heavy construction such 
as modern skyscrapers and bridges would be more 
costly, and in some instances the increased weight 
needed for equivalent strengths would render cer- 
tain construction patterns unmanageable. 

Molybdenum can substitute for tungsten, vana- 
dium, chromium, columbium, tantalum, nickel, and 
boron. Each substitution is a matter of cost-avail- 
ability to obtain certain desired qualities in the fin- 
ished product. 

Molybdenum is virtually the sole metal commodity 
of which the United States is a net exporter. Do- 
mestic production in 1970 was just over 110 million 
pounds of molybdenum, or two-thirds of the free 
world production. Domestic consumption, on the 
other hand, is about 50 million pounds; the United 
States annually exports about 55 million pounds of 
molybdenum in various forms such as molybdenite 
concentrates, molybdenum trioxide, and ferromo- 
lybdenum to more than 20 other nations. 


EXPLOITATION 


Recorded world production of molybdenum began 
just after 1900, when about 100 short tons of the 
metal was produced, approximately half of which 
came from Australia and Norway and half from the 
United States (Fischer and King, 1964). Through 
the years, molybdenum has been produced, at one 
time or another, in some 30 countries around the 


UNITED STATES MINERAL RESOURCES 


world. The major part, however, has come from 
nine countries: the United States, Chile, Canada, 
Japan, Korea, Norway, Mexico, the U.S.S.R., and 
China. 

The United States currently supplies about 60 
percent of the world’s total molybdenum; Canada, 
about 15 percent; the U.S.S.R. and China, about 
15 percent; and all other producing countries, 10 
percent. 

World production of molybdenum increased from 
about 300,000 pounds per year in 1906 to 3 million 
pounds per year in 1982, a tenfold increase during 
this 26-year period. The next tenfold increase oc- 
curred within a 5-year period in the 1930’s, as a 
result of a major increase in United States produc- 
tion brought about chiefly by the initiation of large- 
scale mining by block caving of the Climax ore 
body in Colorado. Production increased sharply dur- 
ing World War II to a high point in 1943 of 70 
million pounds of molybdenum and then decreased 
rapidly to about 24 million pounds in 1946, remain- 
ing at this level until 1949 owing to the low level of 
demand that followed the end of hostilities. Since 
1949 a relatively uniform and consistent increase 
in the annual rate of production, interrupted only 
by recession in 1958 and work stoppages in 1962, 
has continued to the present, at which time about 
200 million pounds of molybdenum is produced 
annually. 

Until 1936, domestic production of molybdenum 
was as a main product of molybdenum ores. In 
1936, at the Bingham, Utah, porphyry copper mine, 
recovery of molybdenum as a byproduct was begun; 
today about one-quarter of the United States pro- 
duction of molybdenum is obtained as a byproduct 
of copper mining, and at least half of the world 
production of molybdenum is obtained as a byprod- 
uct or coproduct of copper mining operations. 

For many years the famous Climax molybdenite 
mine in Colorado was the only known porphyry 
molybdenum deposit in the world; but in 1957, the 
Questa molybdenite deposit in New Mexico was 
recognized to have many characteristics of a 
stockwork-type ore body, and intensive exploration 
confirmed the presence of a large tonnage of low- 
grade molybdenite ore. In 1966, open-pit mining of 
the disseminated ore body at Questa began, and by 
1969, the annual production of molybdenum was 
more than 10 million pounds. In British Columbia, 
several porphyry molybdenum and copper-molyb- 
denum deposits were developed, and in 1966, mo- 
lybdenum output from British Columbia’s mines 
amounted to 20 million pounds. 

Early in the 1960’s, intensive exploration was 
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undertaken at the Urad-Henderson porphyry mo- 
lybdenite deposits in Colorado. Production at the 
Urad mine began in 1967 at an annual rate of about 
3 million pounds of molybdenum. In 1966, American 
Metal Climax, Inc., announced reserves of more than 
300 million tons of ore in its Henderson deposit, 
some 2,000 feet below the Urad ore body, at a grade 
of 0.49 percent molybdenite. The company expects 
to put this mine into production by the late 1970’s 

Only at Climax, Colo., has the recovery of associ- 
ated minerals in a porphyry-type molybdenum de- 
posit so far been successful; tungsten (huebnerite), 
pyrite, topaz, uranium (brannerite), monazite, tin 
(cassiterite), and molybdenum oxide have been re- 
covered as byproducts. 


GEOLOGIC ENVIRONMENT 
GEOCHEMISTRY * 


Molybdenum is a metallic element of Group VIb 
of the periodic table and has atomic number 42, 
atomic weight 95.94, and occurs as six isotopes. In 
nature it has valences of +4 and +6 in molyhy- 
drates and possibly rarely has valences in the +3 
and +5 states. Molybdenum is a rare element, its 
abundance in continental crustal rocks being gen- 
erally given as 1 to 1.5 ppm. It is rather uniformly 
distributed among the igneous rocks but averages 
slightly higher in basaltic rocks than in granitic 
rocks. 

Chemically, molybdenum can function both as a 
metal and as a nonmetal. In the geochemical cycle 
it becomes concentrated in shales, clays, and phos- 
phorites; in these rocks, there is a positive correla- 
tion between the content of molybdenum and the 
content of organic carbon. Molybdenum is also con- 
centrated in coal and petroleum. Of the molybdenum 
that is supplied to ocean waters, virtually all is 
precipitated either mainly with the clay minerals 
or partly in hydrous manganese oxides. 

Man’s activities contribute molybdenum to the 
environment in mining, in metallurgical processing, 
in the addition of phosphate fertilizers to the soil, 
and in the conversion of coal and oil to provide for 
his various energy needs. 


MINERALOGY 


Molybdenum does not occur in nature in its free 
or native state but is found only in combination 
with other elements, such as sulfur, oxygen, tung- 
sten, lead, uranium, iron, magnesium, cobalt, vana- 
dium, bismuth, and calcium. The most common 
molybdenum minerals are molybdenite (molybdenum 


1 From material provided by Michael Fleischer, written commun., 1972. 
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disulfide, MoS.), powellite (calcium molybdate, 
CaMoO.), wulfenite (lead molybdate, PbMo0O,), 
ferrimolybdite (FeMoO;:H.O), ilsemannite (mo- 
lybdenum oxysulfate), and jordisite (amorphous 
molybdenum disulfide). Of these, only molybdenite, 
ferrimolybdite, and jordisite are of current eco- 
nomic importance. Some molybdenum has been re- 
covered in the past, however, from wulfenite- and 
powellite-bearing ores. As the demand for molyb- 
denum continues to rise, powellite, ferrimolybdite, 
and jordisite may be looked upon as possible source 
materials. 


TYPES OF DEPOSITS 


Molybdenum deposits are of five genetic types: 
(1) porphyry or disseminated deposits including 
stockworks and breccia pipes in which metallic sul- 
fides are dispersed through relatively large volumes 
of altered and fractured rock, (2) contact-meta- 
morphic zones and tactite bodies of silicated lime- 
stone adjacent to intrusive granitic rocks, (3) 
quartz veins, (4) pegmatites and aplite dikes, and 
(5) bedded deposits in sedimentary rocks. 


PORPHYRY DEPOSITS 


Probably more than 95 percent of the world’s 
supply of molybdenum has been obtained from por- 
phyry molybdenum or porphyry copper-molybdenum 
deposits. In these deposits primary copper sulfides 
and (or) molybdenite occur as disseminated grains 
and in stockworks of quartz veins and veinlets in 
fractured or brecciated, hydrothermally altered 
granitic intrusive rocks and in the intruded igneous 
or sedimentary country rocks. 

Favorable host intrusive rocks with which the 
ore minerals are generally assumed to be genetically 
related range from intermediate to acidic and in- 
clude diorite, quartz monzonite, and granite, and 
their porphyritic equivalents. Metalization com- 
monly took place both in the host intrusive and in 
the surrounding or overlying country rock. 

In the porphyry molybdenum deposits, molybde- 
nite is characteristically the sole ore mineral. Mo- 
lybdenite commonly is accompanied by pyrite, 
fluorite, and small amounts of tungsten, tin, lead, 
and zine minerals. In contrast, the porphyry-copper 
or copper-molybdenum deposits contain only small 
amounts of molybdenum, and in these, the molyb- 
denum is of economic significance only because of 
the recoverable copper content. The primary copper 
mineral is chalcopyrite, which is intimately associ- 
ated with pyrite. 

The porphyry or disseminated deposits are com- 
monly considered to be pipe-shaped bodies, circular 
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or oval in plan and with steeply dipping sides. In 
nature, however, the deposits are more likely to be 
in complex forms, such as domal, funnel-shaped, 
arcuate, and annular bodies (Brown, 1969; James, 
1971). 

Almost invariably one or more major faults pass 
through or close to the ore bodies. Evidence of both 
preore and postore movement is abundant in these 
faults, and localization of the ore bodies along major 
faults is an accepted hypothesis. Intensive, wide- 
spread and continued fracturing of host intrusives 
and of enclosing country rocks is characteristic. 

The average mineral content of porphyry-type 
deposits ranges from 0.1 to 0.5 percent molybdenite 
in molybdenum porphyries, and from about 0.015 
to 0.1 percent molybdenite in copper-molybdenum 
porphyries. Currently minable porphyry deposits 
range in size from a few hundred feet to several 
thousant feet in horizontal dimension and may 
extend to depths of several thousand feet. Fractures 
and hydrothermally altered rocks extend many hun- 
dreds of feet outward beyond the limits of minable 
ore, decreasing in intensity outward from the cen- 
tral zone. 

Three-fourths of the world’s reserves of molyb- 
denum are in the Western Cordillera of North and 
South America, the mountainous region along the 
western part of these continents. These reserves 
consist of large low-grade disseminated deposits of 
hydrothermal origin that occur in clusters through- 
out the length of the Cordillera. They are typical 
porphyry deposits, genetically associated with in- 
trusive rocks of acidic to intermediate composition 
in areas of intense volcanism and complex tectonic 
history. The period of ore deposition extended from 
Late Triassic to middle Tertiary. 

The remaining one-fourth of the world’s reserves 
of molybdenum are distributed among the U.S.S.R., 
parts of Europe, southwestern Asia, and southeast- 
ern Asia including China, the islands of the South 
Pacific, and Australia; the U.S.S.R. reserves ac- 
count for at least half of this fraction. 

Porphyry or stockwork deposits that yield molyb- 
denum alone or as the chief metal are known to 
occur principally in Alaska, British Columbia, and 
in the Rocky Mountain region of the United States 
(Clark, 1970); porphyry copper-molybdenum de- 
posits from which molybdenum is obtained as a 
byproduct occur over the entire length of the West- 
ern Cordillera from Alaska to Argentina, and in 
other parts of the world (Eimon, 1970). 

The Climax and Urad-Henderson deposits in 
Colorado and the Questa deposit in New Mexico are 
described here as three examples that illustrate the 


typical porphyry molybdenum ore deposits, their 
geological relationships, and the resources connected 
with this type of deposit. Comprehensive descrip- 
tions of the porphyry copper-molybdenum deposits 
in southwestern North America are given by Titley 
and Hicks (1966), and of those in the Western 
Hemisphere by Ridge (1972). 


CLIMAX, COLORADO 


For many years (1930-55), the Climax molyb- 
denum deposit at Fremont Pass, about 100 miles 
west of Denver, Colo., was unique in that it was 
the only known porphyry molybdenum deposit in 
the world. Large-scale bulk mining of the dissemi- 
nated ore body began in the mid-1930’s, about 20 
years after its discovery and after the mining from 
near the top of the deposit of small tonnages of 
high-grade zones that contained from 34 to 1 per- 
cent molybdenite (Butler and Vanderwilt, 1933). 
The Climax mine, operated by the Climax Molyb- 
denum Co. division of American Metal Climax, Inc., 
exploits one of the three largest known molybdenum 
stockwork deposits in the United States if not in 
the world. The two other deposits of equivalent size 
and character are the Questa molybdenum deposit 
in northeastern New Mexico (Molybdenum Corp. of 
America), and the Urad-Henderson molybdenum 
deposit at Empire, Colo. (Climax Molybdenum Co.). 
The Climax deposit has, according to the company’s 
annual report, reserves amounting to about 500 
million tons of molybdenum ore which contain over 
2 billion pounds of molybdenum, sufficient to sustain 
the present rate of production through the remain- 
der of this century. 

The deposit consists of a complex dome-shaped 
mass of fractured, silicified, and mineralized Pre- 
cambrian granite, gneiss, and schist that generally 
overlies a composite porphyry stock of quartz mon- 
zonite to granite composition, middle Tertiary in 
age. Molybdenite associated with quartz, pyrite, 
fluorite, topaz and lesser amounts of tungsten, scan- 
dium, titanium, and tin minerals is dispersed in 
fracture fillings, in veinlets, and as minute flakes 
throughout the fractured host rocks forming a low- 
grade (0.05 to 0.5 percent Mo) ore body of several 
thousand feet in smallest dimension. Several com- 
modities, such as tungsten, pyrite, and tin, are re- 
covered as byproducts. Climax has become a lead- 
ing United States producer of tungsten in recent 
years. A small tonnage of monazite has been recov- 
ered in the past, as has a small amount of topaz. 
According to company reports, more than 150 mil- 
lion tons of ore had been mined from the Climax 
deposit by 1972. The ore deposit has not yet been 
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delineated completely and the possibility therefore 
exists that additional reserves may be discovered 
that will at least in part replace reserves currently 
being mined. Detailed descriptions of the geology 
of the Climax area and of the deposit were given 
by Vanderwilt and King (1955) and Wallace, Baker, 
Johnson, and MacKenzie (1960). 


URAD-HENDERSON, COLORADO 


The Urad-Henderson porphyry molybdenum de- 
posit near Empire, about 50 miles west of Denver, 
is a prime example of the discovery and develop- 
ment of a huge deposit as a result of careful and 
exhaustive geologic study and the use of modern 
exploration techniques. The Urad ore body, known 
for many years, was first developed on high-grade 
quartz-pyrite-molybdenite fissures and fracture 
zones, from which about half a million pounds of 
molybdenum was produced during the early part 
of the century and in the 1940’s. The Urad molyb- 
denite ore body is localized in a zone of fractured 
and altered granite around the southern margin of 
a composite granite porphyry stock (Carpenter, 
1960, p. 321) of middle Tertiary age. Molybdenite 
also occurs in veinlets and as disseminations in the 
altered and fractured granite between the fracture 
zones and fissures, forming a massive porphyry type 
body of many millions of tons of molybdenite ore 
containing from 0.3 to 0.5 percent molybdenite. 

About 2,000 feet below the Urad ore body, and 
separated from it by altered rocks that contain only 
traces of molybdenite, is the Henderson molybdenite 
ore body. According to the Climax Molybdenum 
Co., reserves in the Henderson ore body amount to 
over 300 million tons at a grade of 0.49 percent 
molybdenite. Very few geological data have been 
published on the Henderson deposit, but it is a 
typical porphyry or stockwork deposit. The mine is 
expected to be brought into production late in the 
1970’s, with a planned milling capacity of 50,000 
tons per day. 


QUESTA, NEW MEXICO 


Molybdenite at Questa occurs in massive quartz 
veins, in a stockwork of discontinuous veinlets, and 
as fine disseminated flakes in a hydrothermally 
altered and fractured zone several thousand feet 
wide. The quartz-molybdenite veins exploited dur- 
ing the earlier development period, as well as the 
stockwork molybdenite, lie along the contact of a 
composite intrusive body of granite and the over- 
lying andesitic voleanic rocks. Molybdenite is the 
only mineral of economic importance in the deposit 
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although rhodochrosite, fluorite, and a little chal- 
copyrite are present. The grade of the ore body is 
low, averaging only about 0.1 percent molybdenum. 
According to company reports, more than a quarter 
of a billion tons of ore has been developed at the 
property. Despite its low grade, the Questa deposit 
promises to be one of the major domestic sources 
of molybdenum for many years. 


CONTACT-METAMORPHIC DEPOSITS 


In the molybdenum-bearing contact-metamorphic 
deposits (tactites and skarns), molybdenite is com- 
monly associated with scheelite, bismuthinite, or 
copper sulfides in zones of silicated limestone near 
granitic intrusive rocks. Molybdenite also occurs 
alone in contact-metamorphic deposits. The Pine 
Creek mine in California is an example of the con- 
tact type of deposit from which molybdenum and 
tungsten have been recovered as coproducts since 
1939 (Bateman, 1956). 

Significant amounts of molybdenum also occur in 
contact-metamorphic deposits in the northeastern 
Caucasus of the U.S.S.R., in China, and in Morocco 
(Kruschov, 1959). The molybdenite deposits of the 
Knaben mine in Norway are in quartz-rich amphi- 
bolitic gneisses of probable sedimentary origin and 
may be included in this category. The ore ranges 
from 0.1 to 0.2 percent molybdenite, and although 
production from the deposit has been persistent for 
many years, it has been relatively small. 


QUARTZ VEINS 


Quartz veins containing molybdenite are widely 
distributed throughout the world. Early production 
about 1900 was made from the relatively high grade 
deposits of this type. A prime example of vein type 
bodies is found at the Questa molybdenite deposit 
at Red River, N. Mex., where small tonnages of 
molybdenite were produced between the 1920’s and 
the mid-1950’s from high-grade quartz-pyrite mol- 
lybdenite gash veins along the contact between a 
sodic granite and overlying andesitic volcanic rocks. 
The molybdenite content of the veins ranged from 
1 to 30 percent molybdenite. Not until the late 
1950’s was it discovered that the veins were asso- 
ciated with mineralized rocks having the character- 
istics and potential for a large low-grade porphyry- 
type molybdenite ore body associated with a com- 
posite granite stock. 


PEGMATITES 


Commonly, pegmatite bodies and aplite dikes con- 
tain molybdenite among many other metallic and 
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nonmetallic constituents. The molybdenite is gen- 
erally coarsely crystalline, occurring as rosettes or 
thick books and aggregates of flakes, which are 
erratically distributed in the host rocks. Although 
much specimen material of excellent quality can be 
obtained from this type of deposit, few deposits 
have been of economic interest owing to the char- 
acteristically small tonnage available and the erratic 
distribution of molybdenite. Notable among the peg- 
matite-type deposits that have yielded significant 
quantities of erratically disseminated molybdenum 
are those at Val d’Or and Preissac, in eastern Que- 
bec, where molybdenite is associated with bismuth 
in pegmatite bodies and greisen zones (Vokes, 
1963). 


BEDDED DEPOSITS IN SEDIMENTARY ROCKS 


Although molybdenum is concentrated in coals, 
shales, and phosphorites, no molybdenum of eco- 
nomic grade has been found in these rocks. Only in 
certain lignitic sandstone beds of southwestern 
North Dakota, northwestern South Dakota, and 
eastern Montana, and in some arkosic sandstone 
beds in the badlands of southwestern South Dakota 
and northeastern Utah, has the molybdenum con- 
tent approached ore grade (0.1 to 0.2 percent Mo) 
in deposits thick enough to be minable. 

In the United States, molybdenum is associated 
in significant amounts with some of the bedded 
sandstone uranium deposits in Arizona, Wyoming, 
South Dakota, New Mexico, and Utah, and in the 
Gulf Coast region of Texas. Similar occurrences un- 
doubtedly exist in other parts of the world, but 
published data are not readily available on these 
deposits. The molybdenum is in the minerals jor- 
disite and ilsemannite and is present in amounts 
ranging from a few parts per million to more than 
0.5 percent. It is irregularly distributed with respect 
to the uranium ore bodies, commonly occurring 
along or some distance from the outer margins of 
the ore bodies rather than within them. Ordinarily 
the small amount of molybdenum present in this 
type of ore deposit is detrimental because the mo- 
lybdenum interferes with the recovery of uranium 
and must be segregated out of the circuits during 
milling processes. However, where the uranium de- 
posits are of sufficient size and the molybdenum 
content is significant, a valuable byproduct may 
exist. According to the U.S. Bureau of Mines, 
molybdenum has been recovered from composites 
of uranium ores and ash residues of some uranium- 
bearing lignites from South Dakota and New 
Mexico. 
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RESOURCES 
IDENTIFIED AND HYPOTHETICAL RESOURCES 


About half the world’s identified resources of 
molybdenum are in the United States, and of these 
resources, about 75 percent occur in deposits where 
molybdenum is the principal metal sought. The other 
half of the world’s identified resources are dis- 
tributed among more than 30 countries around the 
world. These resources occur as large bodies of 
fairly uniformly mineralized rock containing more 
than 500 ppm (parts per million) (0.05 percent) of 
molybdenum if no other valuable metal is present 
in significant amounts, or more than 50 ppm (0.005 
percent) of molybdenum if molybdenum is not the 
primary metal sought. 

Most of the identified resources of molybdenum 
are in the disseminated or porphyry-type deposits 
of the Colorado Mineral Belt, the Sangre de Cristo 
Range in New Mexico, and the Basin and Range 
province of the southwestern United States; the 
Interior Belt of British Columbia, Canada; the An- 
dean Cordillera of Peru and Chile; and the Ural 
and Altai Mountains of the U.S.S.R. (table 85). 
Many of these deposits have been explored only to 
a minimal extent, and the metal contents appear to 
be lower than current ore grades—molybdenum in 
porphyry molybdenum deposits in the order of 
0.01 to 0.1 percent and copper in porphyry copper- 
molybdenum deposits in the order of 0.1 to 0.2 
percent—too low to be profitably mined under 
present conditions. 

The magnitude of the identified resources of mo- 
lybdenum can only be partly estimated directly from 
published data and statistics, because of the large 
fraction that is associated with copper resources. 
Clearly a sizable part of the discussion of the re- 
sources of molybdenum must therefore be based on 
geologic and geochemical information. 

Large quantities of molybdenum probably are 
still hidden in areas of known deposits, as exten- 
sions of mining districts or mineral belts, and occur 
in deposits similar in geologic character and grade 
to those already known. Such hypothetical resources 
are predicted on the basis of known distributions 
of geologic environments favorable for molybdenum 
deposits and on the basis of our current understand- 
ing of the processes of deposition of molybdenum 
deposits. The bulk of hypothetical resources thus 
estimated amounts to about 1 billion tons of molyb- 
denum, a large part of which appears to be equally 
divided between the United States and the U.S.S.R. 

Table 85 is a summary of the estimated world 
resources of molybdenum. 
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TABLE 85.—Estimated magnitude, in millions of pounds, 
of world resources of molybdenum 


Identified Hypothetical 
Area resources 1 resources 2 
North America: 
Canada: 
British Columbia __--- 81000 2k === = 
Quebec! == Sees 2000 eee 
Subtotal 2222822). aes 10,000 10° 
Greenland Oe 622 2 ae— _ Us 200MM 2s i oe 
United States: 
(Alaska) ses er Se OOO MARES ees 
Arizona 2000 Ath: th bres 
Colorado 20000 kiee 2 == 
Wdahor nan = 2s EO00W 2.22 eee 
Maine tira 2s 2a. 4 100. “Ses 
Montana. 4=2-.-==---= — O00 vet aeeae es 
INGVadal eaten ee ea 500” 22 ne ae 
New Mexico ~_-_.----- S000) IneSse sees 
North Carolina ------- 100 
MeXas) = seas = ELE OOM Se aoe 
Witah 22 S222. Os. os HOOODIE= ares 
Washington ---------- 200), +2 
\Wyorie 22-555 100g. 2=2=222== 
SU COt a lps eee earn 35,100 os 
uertomhicomess 2 500h se 
Mexico ¥222223 & oe eer VOOR esses 2 
Central America -_--_----- L000 aes ee 
TRotaliqes2. 9%. 2 See S 47,800 10‘ 
South America: 
Av centinagesce = =e — = OO Tenens 
Columbiag- 2 = ee LOO ees aus 
Ecuador), = 22. 22 shares ee, 100, (aes eee 
Chile: 22 Peek beac 2S 5500 revs. - 2-2 Se 
Pere hes ee 1300). 
otal: (225505 Jae es 7,100 10° 
Europe: 
Bulgariag eee 100i R ===> == 
Rumaniar = 222-2220. ee LO}e* ae 
Spainges*—=52 2 22 Arocon) LOOMS hes Sees 
Nuposlaviay —-2-—- ==). a= 10004, == eee 
Totalige ae Aaa ee 1,300 10‘ 
Africa: 
Morocco! 82. S234 524152. 22. 50?) Aas 
Sierramleone === 50. 
hota lps ee eae ee 100 10? 
100: (eae 
000i fos 22222 
50 Sue eae 
100) 23 
100 
5,000 
50 
Os yee ee 
otal: setae tes bln. Sew 6,450 10° 
PATItarctiCap on 2-8. Me ok soa 50 10? 
MUistraliagges eee eee eas 100 10? 
Oceania: 
IBOEN copes aoe eee eee 30) Ste ae2- 2 
Bougainville _________----- AQ aoe ore 
New Guinea __._._..----_- OO. tee eee 
Philippines) 222-22. 100.7 ees 
Ota fgets 2s Re bee 200 10* 
iWiorld’ totalle: fae. ka fe 768,100 ‘2.2 x10° 
1Tdentified resources are specific, identified mineral deposits that 


may or may not be evaluated as to extent and grade, and whose con- 
tained minerals may or may not be profitably recoverable with existing 
technology and economic conditions. 

2 Hypothetical resources are undiscovered mineral deposits, whether of 
recoverable or subeconomic grade, that are geologically predictable as 
existing in known districts. 

3 Equal to 31,550,000 tons. 

4 Equal to 1.1 billion tons. 
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SPECULATIVE RESOURCES 


Speculation as to worldwide distribution and mag- 
nitude of molybdenum resources necessarily must 
be based on geologic relationships of the deposits 
that are best documented and most clearly under- 
stood. Domestic deposits offer the best information 
in this regard; consequently models based largely on 
occurrences in the United States and the Western 
Hemisphere as described under “Porphyry Deposits” 
are used to infer speculative resources. 

World molybdenum resources are likely to be di- 
vided somewhat equally between deposits that con- 
tain molybdenum as the primary metal and those 
in which molybdenum is expected to be a byproduct 
or coproduct. Porphyry-molybdenum and porphyry- 
copper deposits are expected to contain by far the 
bulk of molybdenum resources. 

Porphyry-molybdenum or porphyry-copper depos- 
its are individual mineral deposits associated with 
stocklike intrusives, breccia structures, and faults. 
Distribution of this type of deposit worldwide, 
therefore, should be related to the distribution of 
certain major geologic features: 

1. The deposits are found in belts of Cretaceous- 
Tertiary tectonic activity that were disturbed 
by subsequent igneous activity (Himon, 1970). 
They occur along the cordillera of North and 
South America, the Alpide belt (Sillitoe, 
1972), the Iranian orogenic belt, the south 
Pacific Arc, and in the Ural and Altai Moun- 
tains of the U.S.S.R. 

2. They are associated mostly with intrusive ac- 
tivity that ranges in age from Triassic to 
mid-Tertiary (Sillitoe, 1972). 

3. They occur in intrusive rocks of intermediate to 
acid composition; porphyry molybdenum de- 
posits tend to be associated with granitic in- 
trusives and porphyry copper-molybdenum de- 
posits with instrusives of intermediate com- 
position. 

4. The molybdenum deposits commonly occur in 
clusters or groups of 5 to 20 miles in radius 
(King, 1970). 

5. Porphyry deposits are commonly found in areas 
of gravity and magnetic lows; porphyry mo- 
lybdenum deposits related to Tertiary silicic 
intrusives tend to occur in regional gravity 
lows. 

6. Molybdenum deposits are commonly alined in 
major structural belts and at intersections of 
structural belts (Noble, 1970). 

7. The intrusive rocks and commonly the intruded 
rocks show evidence of local and regional frac- 
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turing of an intense nature and of long dura- 
tion (Rehrig and Heidrick, 1972). 

8. The deposits are associated with intrusives of a 
complex nature showing evidence of multiple 
intrusion events (Wallace and others, 1968). 

9. Intense hydrothermal alteration of host intru- 
sive as well as of country rocks with an ac- 
companying variety of accessory minerals is 
a trademark of porphyry deposits (Vander- 
wilt and King, 1955). 

Using a combination of some of the geologic fea- 
tures just described, we have estimated speculative 
resources of molybdenum in and near the State of 
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Colorado as an example. 

The known molybdenum occurrences in and near 
Colorado occur in clusters that are shown in figure 
52. These clusters of molybdenum deposits are 
closely associated with areas of principal middle 
Tertiary silicic intrusive activity. The molybdenum 
occurrences and associated intrusives are spatially 
related to major gravity lows, also shown in 
figure 52. 

Three of the clusters of molybdenum occurrences 
contain the major porphyry molybdenum deposits 
at Henderson, at Climax, and at Questa. Some evi- 
dence suggests that the other clusters shown may 
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FIGURE 52.—Map showing location of molybdenum resources in Colorado and northern New Mexico in relation to various 
geologic parameters. 
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also contain major molybdenum deposits, though 
perhaps not all of minable grade. For example, the 
cluster of occurrences next southwest of the Climax 
cluster has been drilled by exploration companies 
for many years, and although no minable deposit 
has been discovered, a phenomenal amount of widely 
dispersed molybdenum has been revealed, probably 
greater in amount than is contained in the Climax 
deposit itself (Ogden Tweto, oral commun., 1972). 
From a geological standpoint, but not an economic 
standpoint at this time, this cluster contains a major 
molybdenum deposit. 

Molybdenum deposits known in the San Juan 
Mountains in southwestern Colorado occur largely 
in the volcanic pile overlying the intrusive bodies 
that form the roots of the present San Juan vol- 
canic field. Deposits in central Colorado in the main 
segment of the Colorado Mineral Belt are associ- 
ated with intrusive bodies that represent the root- 
zone of a volcanic field now largely stripped away 
by erosion. If major molybdenum deposits occur in 
the San Juan field, presumably they lie at depth in 
the root-zone of the present volcanic pile, analogous 
to the central Colorado deposits. Occurrences known 
at the surface in the San Juan field are likely “leak- 
ages” from deeper seated deposits. The geological 
probability of major molybdenum deposits at depth 
in the San Juan Mountains seems good, although 
the economics of mining them, even if they could 
be found now, are at present unfavorable. 

The three known major molybdenum deposits in 
and near Colorado have produced or contain un- 
mined resources estimated at 510° lbs molybdenum 
each. Returning to the earlier conclusion that each 
of the 10 clusters of molybdenum occurrences shown 
on the map likely contains a major molybdenum 
deposit, we can estimate a total resource for the map 
area of roughly 510% lb molybdenum, occurring 
in the vicinity of surface occurrences of molyb- 
denum. 

By making further assumptions that volcanic and 
other young rocks in the San Juan Mountains and 
in the vicinity of Questa may cover unknown clus- 
ters of molybdenum occurrences and that the spac- 
ing of clusters of molybdenum occurrences in the 
root-zone of a middle Tertiary igneous province is 
similar to that shown in the central Colorado part 
of the Colorado Mineral Belt where a root-zone is 
exposed, it is logical to infer the presence of addi- 
tional unknown clusters in the San Juan Mountains 
and in the vicinity of Questa. Such unknown clusters 
may nearly equal in number those already known 
at the surface, judged from the areas of possible 
molybdenum occurrence implied by the outlines of 
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gravity lows and of middle Tertiary intrusive ac- 
tivity shown on the map. If this assumption is cor- 
rect, perhaps about 20 major molybdenum deposits 
exist in and near Colorado, representing a total 
resource of roughly 10% lb molybdenum. 


PROSPECTING 


The search for molybdenum is facilitated by the 
physical properties of molybdenite as well as by the 
geochemical characteristics of the element. Molyb- 
denite does not oxidize readily, and because of its 
bright silvery gray color and a strong platy crystal 
habit, it can be seen by eye in concentrations 
amounting to less than 100 ppm in light-colored 
rocks. Molybdenum is a mobile element and is both 
sulfophile and oxyphile. These characteristics work 
both for and against the prospector. In chemically 
acid environments, as in the presence of pyrite, 
molybdenite commonly is fixed in place, chiefly as 
ferrimolybdite, a recognizable molybdenum min- 
eral, but also very commonly is attached to iron- 
bearing clay minerals, and to goethite and other 
limonitic minerals, in which forms it is not ordi- 
narily recognizable. Fortunately, molybdenum in 
its six-valence oxidation state is amenable to inex- 
pensive and rapid detection by qualitative and 
semiquantitative chemical and spectroscopic meth- 
ods that have threshold sensitivities in the parts 
per million range, approaching and even reaching 
crustal-abundance values of molybdenum. In chem- 
ically less acid environments or in alkaline environ- 
ments, molybdenite may convert to ilsemannite, a 
water-soluble blue efflorescence. 

Because the economically significant molybdenum 
deposits of today, and probably of the foreseeable 
future, are the large volume stockworks and 
porphyry-type deposits related to fractured and 
hydrothermally altered granitic intrusive rocks, 
various geophysical techniques are useful prospect- 
ing methods (Sumner, 1969). Anomalously low 
magnetism may be detected as a result of the re- 
moval of magnetite during hydrothermal alteration 
of host intrusives, and low gravitational anomalies 
due to large intrusive stocks of granitic rocks may 
be measurable. 

In terranes that are characterized by large vol- 
umes of silicic intrusive rocks as young as Tertiary 
in age, such as the Western Cordillera of the United 
States, low regional gravity values are closely cor- 
related with distribution of the young silicic rocks; 
because molybdenum seems to be preferentially 
concentrated around silicic intrusives of Tertiary 
age in this region, major regional gravity lows re- 
flect regions favorable for molybdenum deposits. In 
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terranes characterized by large volumes of silicic 
rocks older than Tertiary, such as Britich Columbia, 
low regional gravity values are not correlated 
closely with the distribution of the silicic rocks; 
inansmuch as molybdenum is associated principally 
with Mesozoic intrusives in British Columbia, major 
regional gravity lows do not correlate closely with 
regions of known molybdenum deposits. 

Residual heat in intrusive rocks, heat from exo- 
thermal weathering of sulfides, and differences in 
vegetative cover due to metal concentration and 
alteration may be detected by airborne infrared 
imagery techniques, but these methods are not ade- 
quately developed to date to be highly useful in 
exploration. Geochemical and biochemical sampling 
of vegetative cover, soils, rocks, and water have 
been used to delineate general target areas of mo- 
lybdenum concentration at and near ground surface. 


PROBLEMS FOR RESEARCH 


Because economic exploitation of molybdenum 
today requires that large tonnages of ore be mined 
and processed, large surface areas will be disturbed 
whether mining be done by underground methods 
or by open-pit methods; and because of the low 
mineral content of the ores, large surface areas will 
be needed for disposal of the residual waste ma- 
terials. Molybdenum exploitation therefore is sub- 
ject to the same or similar environmental problems 
as any large-scale operations, whether it be strip 
mining of coal, stone quarrying, mining of beach- 
sand deposits, or opencut mining of iron, aluminum, 
and copper. 

Successful prediction of the location of presently 
unknown molybdenum deposits will come mostly 
from improved understanding of (1) the genetic 
connection between molybdenum (as well as associ- 
ated elements) and the magmatic rocks around 
which molybdenum deposits formed, (2) the en- 
vironments in which the magmatic rocks were gen- 
erated and emplaced, and (8) the role of plate tec- 
tonics in developing favorable environments for 
generation and emplacement of molybdenum- 
carrying magmatic rocks. 
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ABSTRACT OF CONCLUSIONS 


At the present time the free world requirement of nearly 
1 billion pounds of nickel per year is supplied from deposits 
of nickel sulfides, mostly in Canada, and of nickel laterites, 
mainly in New Caledonia. World resources from these types 
of deposits are estimated to total 70 million tons (140 bil- 
lion pounds) of nickel in 7 billion tons of material averag- 
ing about 1 percent nickel. An additional 7 billion tons 
averaging 0.2 percent nickel, or 14 million tons of nickel, is 
estimated for sulfide deposits in the United States. The 
0.2-0.4 percent of nickel universally disseminated in perido- 
tites and serpentinites throughout the world amounts to a 
figure several orders of magnitude greater than 70 million 
tons, as does the quantity of nickel contained in deep-sea 
mangenese nodules; but new technological developments will 
be required to recover nickel successfully from these two 
types of occurrence. The discovery in 1949 at Thompson, 


Manitoba, of a major new type of nickel sulfide deposit sug- 
gests the possibility that similar deposits may exist else- 
where in the world. 


INTRODUCTION 


Nickel is vital to the economic welfare and se- 
curity of the United States, as it is also to the 
other industrial nations of the world. This is illus- 
trated by examining the uses of nickel. In 1970 
(U.S. Bureau of Mines, 1970, Minerals Yearbook) 
the United States consumption was: 


Consumption 

Use (million 

pounds) 
Steel. 21. Deas. Gui 20 DOs Opeaia e 124 
Supersalloys4=s2= 2 fas Soe See 23 
Nickel-copper alloys yess 13 
Permanent magnet alloys _____-_--__-_____ 5 
Othersnickelhalloy sires ee 71 
Castiirons; 2s 222250 2 Ike ee cee 10 
Mlectroplating} 22. eee 50 
Chemicals, | @= 3-4-3243 _ Stake Sees 2 
Other; £4.14. A ees see ee ee 14 
otal = 222 Sess ee eee 312 


Free world consumption (Metals Week, Jan. 3, 
1972) in 1970 and 1971, by area, was as follows: 


Consumption 
(million pounds) 

Area 1970 1971 
Western Europe and United Kingdom__ 376 327 
Wmited! 'Statesh]*--s3 = ae 330 273 
Japan [Yous soe ee fe ee 202 172 
@anadat } 2 ae Sas ee ee ee 33 24 
Australia), 2 Soe Se eee ee 9 9 
Other Moses ee eee ee eee 25 20 
Total® 2= aoe - eee ee 975 825 


The United States obtains most of its nickel from 
foreign sources—mainly Canada. Since 1966 the 
primary production of nickel in the United States 
has averaged 26 million pounds per year. The re- 
mainder of the nickel consumed has come almost 
entirely from Canada. The United States is thus 
almost completely dependent on foreign sources of 
nickel under present economic conditions. 
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EXPLOITATION PROBLEMS 


Exploitation problems in nickel mining and proc- 
essing are in part the same as or similar to those 
for copper. Air pollution is a major problem around 
the smelters, and it is likely that strict controls on 
smoke exhalations will soon be enforced throughout 
the United States. Most other countries are less con- 
cerned with air pollution at the present time, but 
demands for stricter control are also increasing in 
those countries. 

Another major consideration, particularly appli- 
cable to some areas of large potential laterite de- 
velopment, is that the political climate of some 
countries is not conducive to huge long-term invest- 
ment (hundreds of millions of dollars) and a long 
development period (5 years or more for a large 
operation). 

The cost and difficulty of recovering nickel-bearing 
nodules from mid-ocean depths of 3,500-4,500 
meters are major problems. Furthermore, suitable 
refining methods have yet to be demonstrated. The 
availability of large and relatively low-cost sources 
of the component metals on land also reduces in- 
centive to their development. 


GEOLOGIC ENVIRONMENT 
GEOCHEMISTRY 

Nickel is widespread in nature and is estimated 
to be the fifth most abundant element of the earth. 
Estimates of the nickel content of the earth’s crust 
range from 0.008 to 0.02 weight percent (Fleischer, 
1953). Ultramafic igneous rocks—dunite, peridotite, 
and pyroxenite—contain the most nickel, 0.1—-0.3 
percent; Vinogradov (1956) estimated the average 
nickel content of these rocks to be 0.12 percent. His 
estimates for other rock types are: mafic igneous 
rocks (basalt, gabbro, norite, and related rocks), 
0.016 percent; neutral igneous rocks (diorite and 
andesite), 0.0055 percent; silicic igneous rocks 
(granite, rhyolite, and related rocks), 0.0008 per- 
cent; and sedimentary rocks (clay and shale), 
0.0095 percent. 

A generally accepted theory is that the core of 
the earth, 4,300 miles in diameter, has a composi- 
tion similar to that of iron meteorites, most of which 
are kamacite—native iron with a nickel content of 
almost 7 percent. Inasmuch as the margin of the core 
is 1,800 miles below the earth’s surface, this vast 
amount of nickel will probably never become avail- 
able to man. The crust of the earth (about 10 miles 
thick), from which man must obtain the nickel he 
needs, contains only 0.003 percent of the total nickel 
in the earth, as computed from data given by Mason 
(1958, p. 44, 50). 
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The mantle, lying between the crust and the core 
of the earth, is nearly 1,800 miles thick and is be- 
lieved to be peridotitic. Rocks of this ultramafic 
zone, like similar rocks exposed at the surface, may 
contain 0.1—0.8 percent nickel. Because the mantle 
makes up more than two-thirds of the total mass 
of the earth, it probably contains a large quantity 
of nickel. 

The peridotite and related mafic rocks that have 
intruded the crust of the earth, and are in part 
exposed at the surface, probably have been derived 
largely from the mantle. Furthermore, most of the 
known nickel ore deposits are closely associated 
with mafic and ultramafic intrusive rocks, and the 
nickel in the ore bodies was probably derived either 
from the intrusives themselves or from similar rocks 
at depth. Thus the original source of most of the 
nickel ore bodies found in North America and else- 
where in the world was probably the mantle. 


NICKEL MINERALS 


The nickel minerals are given in table 86. The 
nickel-iron sulfide pentlandite [(Fe,Ni).S:] is the 
principal present economic source of nickel, and 
garnierite (nickel-magnesium hydrosilicate) is next 
in economic importance. Garnierite—also called 
nickel gymnite, genthite, noumeite, and nepouite— 


TABLE 86.—Nickel minerals 


Mineral Formula Occurrence 
Native nickel-iron ____ NisFe Rare. 
Rentlanditey === (Fe,Ni).Ss Common 
IB VOlcc (Fe,Ni) Sz Minor; 
second- 
ary. 
WMiolaritem==-———=———— NieFeSx Do. 
Waesites ===" = ae NiS: Rare. 
Rolydymite sass NisS, Do. 
Millerite’ 22 == ==2-="=" NiS Minor; 
second- 
ary. 
Heazlewoodite _______ Ni;S2 Rare. 
Slecenites= === (Ni,Co) 3S. Minor 
ihinnaeitey (Co,Fe,Ni) 3S. Do. 
Gersdorfiites === NiAssS Do. 
Niccohite? = NiAs Do. 
Rammelsbergite ------ NiAsz Rare 
Chloanthite === (Ni,Co) Asz-z Do. 
Smaltiteme =e (Co,Ni) Asz_- Do. 
Skutterudite ___ (Co,Ni) Ass Do. 
Maucherite ——— NinAss Do. 
Breithauptite __ NiSb Do. 
Ullmannites= ===> aaa NiSbS Do. 
Parkeritey == NisBioS2 Do. 
Annabergite —___-____ Nis (AsO,)2-8H.20 Rare; 
second- 
ary. 
Morenosite __-__-___-_ NiSO,-7H.O Do. 
Laratite ge ee NiCo;:2Ni(OH)2 Do. 
Garnierite n= Nickel-magne- Common; 
sium hydrosili- second- 
cate ary. 


NICKEL 


is not a true mineral but rather a mixture of nickel 
serpentine, nickel tale, and possibly other silicates. 
Besides the nickel mnierals given in table 86, 
nickel occurs in minor amounts in pyrrhotite 
(Fe,_,S) and pyrite (FeS.), particularly where 
these sulfides are associated with mafic or ultramafic 
rocks. In most of these occurrences the total amount 
of included nickel is less than 1 percent. Nickel may 
replace iron to a considerable extent in these min- 
erals, but substantial amounts may also be present 
as intergrowths of pentlandite or other nickel sul- 
fides. Native terrestrial iron also contains nickel, 
ranging in amounts from 2 to 75 percent, but such 
native nickel-iron is rare; it occurs in basalts and 
carbonaceous sediments and with limonite and or- 
ganic matter in petrified wood. The most important 
occurrence of native terrestrial iron is on Disko 
Island, Greenland, where it occurs in basalt as par- 
ticles and, in places, as masses as large as 20 tons. 


TYPES OF DEPOSITS 


Sulfide deposits are by far the most important 
present source of nickel, in regard to both quantity 
of nickel and number of deposits. In 1964 two sul- 
fide districts in Canada were producing about 80 
percent of the free world total; one of these, the 
Sudbury district, has produced more than half the 
total world supply since about 1905. In recent years, 
however, major deposits have been discovered in 
other parts of the world, particularly in Australia 
and South Africa, as well as two large but very low 
grade deposits in the United States. 

Another type of deposit, in which sulfides (to- 
gether with arsenides of nickel, cobalt, and copper) 
occur in hydrothermal veins, has been found in both 
Canada and the United States, but these deposits 
are small and unimportant as sources of nickel. 

Important nickel deposits are found in the later- 
itic mantles formed by the weathering of peridotite, 
include dunite, pyroxenite, and serpentinite, mostly 
in tropical and subtropical climates. The weathering 
of fresh peridotite has yielded nickel-silicate later- 
ites in which the hydrosilicate garnierite is the 
principal nickel mineral. These deposits contain 
more than 1.5 percent nickel. Large deposits of this 
type occur in New Caledonia, and medium to large 
deposits occur in Indonesia, Venezuela, Brazil, 
United States (Oregon), and elsewhere. The weath- 
ering of serpentinite (serpentinized peridotite) has 
also formed nickeliferous iron laterite that averages 
0.9-1.4 percent nickel. Large deposits of this type 
occur in Cuba and the Philippines, and medium to 
large deposits occur in Indonesia, the U.S.S.R., the 
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Western United States, Guatemala, and other locali- 
ties. 

Recent oceanographic research has revealed the 
presence of vast deposits of nickel-bearing manga- 
nese-oxide nodules on deep ocean floors, particularly 
in the Pacific Ocean. The nodules contain 0.1-1.1 
percent nickel as well as somewhat lesser amounts 
of copper and cobalt. 

Most of the nickel deposits of the world that were 
known as of 1950 were shown by the U.S. Bureau 
of Mines (1952, fig. V-1), but since then, major de- 
posits have been discovered in the United States, 
Canada, Australia, Guatemala, Colombia, and South 
Africa. 


SULFIDE DEPOSITS 


The nickel-bearing sulfide deposits typically con- 
sist predominantly of pyrrhotite (Fe,_,S) and 
associated pentlandite [(Fe,Ni).S;] and chalco- 
pyrite (CuFeS.). Many of the deposits contain 
minor but recoverable amounts of platinum metals, 
cobalt, and selenium. These deposits occur in or near 
peridotite or norite intrusions and are generally 
considered to be genetically related to them. The 
sulfides occur as disseminations, massive bodies, or 
veins and stringers in the igneous rocks. Some of 
the masive ores contain fragments of the host rock. 
The individual ore bodies are normally elongate, 
lenticular, or sheetlike and may extend for hundreds 
or thousands of feet. 

Many deposits occur at or near the base of peri- 
dotite or norite intrusives and are particularly well 
formed in local hollows or reentrants along the 
basal contacts. Magmatic segregation is considered 
by many geologists to have been the mechanism by 
which these deposits were formed; immiscible liquid 
sulfide droplets were segregated from the parent 
mafic or ultramafic magma at an early stage of 
crystallization, settling downward and coalescing to 
form a sulfide zone at the base of the intrusive. The 
evidence in favor of this mechanism seems to be 
strongest in many small deposits associated with 
relatively small intrusives. For some larger depos- 
its, although the mode of occurrence is similar, the 
origin is disputed; typical of these are the large 
deposits in the Sudbury district, Ontario, Canada, 
which occur along the base of a basin-shaped or 
funnellike norite intrusive. Hawley (1962) has re- 
cently summarized the case for origin of these de- 
posits by magmatic segregation. Others (for exam- 
ple, Yates, 1948) support a theory of epigenetic 
origin—introduction of the sulfides into the norite 
contact zone by hydrothermal] solutions that mi- 
grated from depth. Different theories of origin have 
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been proposed, and are summarized by Cornwall 
(1966). 

Other nickel-bearing sulfide deposits occur along 
faults or shear zones; these are clearly epigenetic 
and the place of deposition was structurally con- 
trolled. 


NICKELIFEROUS LATERITE DEPOSITS 


Laterite has formed over large areas during long 
periods of intensive weathering and erosion, mainly 
in tropical to subtropical climates, where stable 
landmasses have gradually been reduced to almost 
flat featureless peneplains. Such a period of erosion 
took place during Tertiary time in many parts of 
the world. Where the rock exposed at the surface 
was peridotite (composed essentially of olivine and 
pyroxene), dunite (all olivine), pyroxenite (all 
pyroxene), or serpentinite (serpentinized perido- 
tite), and laterite that was developed is almost in- 
variably rich in iron and nickel. 

The laterite formed from the weathering of ser- 
pentinite is richest in iron, generally containing 
45-55 percent. The nickel content of this laterite 
commonly averages about 1 percent, ranging from 
about 0.9 to 1.3 percent for large volumes of mate- 
rial. These deposits are called nickeliferous iron lat- 
erite. The mode of occurrence of the nickel in this 
laterite is not known; most likely the nickel is in- 
cluded in the goethite, limonite, and serpentine 
minerals, which are the major constituents. Huge 
deposits of nickeliferous iron laterite, similar to 
those in Cuba, the Philippines, and Indonesia, are 
not known in North America, but several smaller 
deposits have been thoroughly explored in Califor- 
nia, Oregon, and Washington. 

The other type of nickeliferous laterite is known 
as the nickel-silicate type, because a significant 
part of the nickel occurs either as the hydrosilicate 
garnierite or as nickel-bearing tale or antigorite. 
This laterite has formed from the weathering of 
fresh peridotite, dunite, and, to a lesser degree, 
pyroxenite. The iron content is less than 30 percent 
in most laterite of this type; the SiO. content, 
which is very low in the iron laterite, may be as 
much as 30 percent; and the nickel content exceeds 
1.5 percent and averages about 1.6 percent for large 
tonnages. The largest known deposits of nickel- 
silicate laterite occur in New Caledonia and Indo- 
nesia. A moderately large deposit occurs in the 
United States at Riddle, Oreg. 


RESOURCES 
IDENTIFIED RESOURCES 
This discussion considers first the world sulfide 
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resources; and second: the: world laterite resources 
of nickel. The: basic: figures are given in tables 87 
and 88 and are considered conservative. The United 
States resources are given by States; resources of 
other nations are listed by country. 

The United States sulfide resources are quite large 
(6.9 billion tons) but low grade (0.21 percent Ni). 
The very large estimate of nickel in the Duluth 
Gabbro near Ely, Minn., is based on data recently 
released by the Minnesota Geological Survey (P. K. 
Sims, written commun., 1972). Canadian reserves 
of minable ore are the world’s largest with probably 


| close to: 2 billion tons of material that can be mined 


under present economic conditions. Australia prob- 
ably has great potential for increasing the present 
estimate of 400 million tons and the yearly produc- 
tion rate is growing rapidly. South Africa also has 
potential for greater than the 200 million tons esti- 
mated here. U.S.S.R. tonnage is probably greater 
than 100 million, but grade is probably less than 
0.6 percent nickel. 


TABLE 87.—World nickel-sulfide identified resources 


[Identified resources are specific, identified mineral deposits that may or 
may not be evaluated as to extent and grade, and whose contained 
minerals may or may not be profitably recoverable with existing tech- 
nology and economic conditions] 


Ni 
Area Tons of ore (percent) 
United States: 
@alifiounia ee ee 100,000 1.5 
Colonadoysn= 2 26 20s ee 70,000 8 
Montana (Stillwater)* _______ 150,000,000 25 
Missourityee oe eeet seek. bie Pe 10,000,000 5 
Nevada... ==- 2-2) 4a ae ee 30,000 3 
Pennsylvania (Gap) -------_- 800,000 ‘if 
Washington esse ae eee 100,000 +s) 
Minnesota (Ely)* ~_--_---_-_- 6,500,000,000 21 
Alaska, Brady Glacier _______ 200,000,000 25 
Wakobielsland es -ssees= 20,000,000 3 
inner bey oo 600,000 35 
Maine = 2-222 See seme ee 10,000,000 1 
Total (0.21 percent 
INI ave) Seas eee ee 6,900,000,000 


Canada: 

Thompson district: 
Thompson mine 
Mystery Lake deposit ___- 
Moak Lake deposit ------ 


150,000,000 3.0 
200,000,000 ‘AB 
400,000,000 7 


Others} (ties eee eee 250,000,000 it 
Total (1.0 percent 
Ni weiv gy See Be tae 1,000,000,000 

Sudbury district ===s=—= =e 400,000,000 1.5 
Others Canadiangeee === 100,000,000 1.5 
Others Canadiang== === 200,000,000 2 

South WeAinica; ye see eens 200,000,000 1 

Norwaynstect $22 Soe Seo 2,000,000 1 
Burm ay) == ee 25,000,000 3 
Australiajt S200 2s ee eae 300,000,000 6 
Australiay:. 22. she tees kee Fi 100,000,000 1.5 
WES SR 28 oe es Dee eee 100,000,000 6 


1 Also contains 0.25 percent Cu. 
2 Also contains 0.64 percent Cu. 
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TABLE 88.—World nickel-laterite identified resources 


[Identified resources are specific, identified mineral deposits that may or 
may not be evaluated as to extent and grade, and whose contained min- 
erals may or may not be profitably recoverable with existing technology 
and economic conditions] 


Ni 
Area Tons of ore (percent) 
Philippinesisiands) 2==s-———— = 1,000,000,000 0.8 
iirdonesia +f2= fe) je Peg ent iti 500,000,000 9 
PAgisbriali apy atone 2= eS FS PAA Y 2a! 100,000,000 1.2 
polomonplslands) see aes == 100,000,000 1.2 
News Caledonia, 222—--- =.= 22-2 = 500,000,000 1.8 
Malarasyeme en pate Ra 8k 2,000,000 2 
CU. = Saas 2,000,000,000 1 
Dominican Republic —~_------=-—_- 70,000,000 iL 55 
Garahemal alps) = ee ee Se 100,000,000 1153 
Venezuela (Loma Hierro) ________ 60,000,000 1.6 
Colombia (Cerro Matoso) _______- 40,000,000 2.5 
isveeyail “52 say y= ee oe 20,000,000 2 
Pinan Teo Sao a eee eee 100,000,000 9 
ieee pea ane en aa eee ener SUES 2,000,000 1.7 
WUSISEISRS 2 el Se 100,000,000 11455 
‘WEG YE) eaA Ses eee 20,000,000 1 
United States: 
Bike Mountain (Riddle), 
ee ee eee 10,000,000 1.5 
Northern California and rest of 
Orecont fe aes ens 55,000,000 nae 
Washi ptoi (Cle Elum, 
IBTEW Ott) Meer nee a 30,000,000 1B 
INorihe Carolina 22 eee see 5,000,000 1 


The world nickel laterite resources (table 88) 
include areas that have only recently been ex- 
plored, such as the Solomon Islands, Colombia, and 
Australia, but most of the remainder have been 
known for many years, particularly the larger re- 
sources. The United States laterite estimate of 100 
million tons probably will not be greatly increased, 
and the individual laterite bodies that it comprises 
are small. A number of companies have been and 
are currently negotiating with local governments for 
operating concessions in the Philippines, Indonesia, 
New Caledonia, Colombia, and Venezuela, and de- 
velopment has been delayed by such negotiations 
and difficulties of financing in areas where the risk 
appears high. 

In a few areas the laterite estimates are probably 
quite accurate; in others, when large-scale mining 
starts, renewed exploration probably will substan- 
tially increase the resource estimates, such as in 
Indonesia, Australia, and Colombia. 

Another very large nickel resource, recently de- 
scribed by McKelvey and Wang (1969), occurs on 
the deep floor of the Pacfiic Ocean in the form of 
manganese-oxide nodules. The nodules cover 20-50 
percent of the bottom in large areas of the north- 
east, central, and southern Pacific. In addition to 
dominant manganese and iron, the nodules contain 
copper, nickel, and cobalt, with an average ratio of 
3:4:1. Nickel content ranges from 0.1 to 1.1 per- 
cent, but large deposits appear to contain 0.8-1.1 
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percent. Estimates of the size of the nodule deposits 
range from 90 billion to 1.7 trillion tons; thus for 
a liberal estimate, a resource of 1.7 trillion tons of 
nodules averaging 0.95 percent nickel would con- 
tain 16 billion tons of nickel. However, the amount 
in deposits of suitable quality, abundance, and en- 
vironmental setting to warrant dredging is likely to 
be much smaller. 


SPECULATIVE RESOURCES 


The discovery of the Thompson district, Mani- 
toba, in 1949, and particularly the discovery of the 
Thompson mine in 1956, revealed a new type of 
nickel-sulfide deposit. Data collected by the company 
geologists indicated that the nickel was derived 
from peridotite and serpentinite where metamor- 
phosed to a garnet-amphibolite-sillimanite assem- 
bage, indicating a temperature of 600°C or higher. 

Unmetamorphosed peridotites in the area (as else- 
where in the world) contain 0.25—0.3 percent nickel ; 
metamorphosed peridotite (metaperidotites) in the 
area contain significantly less. There is evidence 
that sulfur was available in hydrothermal solutions 
during metamorphism—metamorphosed iron-forma- 
tion in the area has been partly converted to pyr- 
rhotite (Fe,_,S). In such an environment it is 
possible or even probable that nickel was mobolized 
by hydrothermal solutions during metamorphism 
and deposited at present sites as the sulfide (pent- 
landite), as first proposed by Michener (1957). 

If this mechanism for the formation of the 
Thompson deposits is valid, peridotites throughout 
the world could have associated nickel-sulfide de- 
posits where sufficiently metamorphosed in an en- 
vironment where sulfur was available—for example, 
in proximity to black shales, which commonly con- 
tain sulfur in disseminated pyrite. 

Another possibility that would make vast quan- 
tities of nickel available would be the development 
of new metallurgical techniques to produce nickel 
from peridotites and serpentinites. Large bodies of 
these rocks occur in certain areas of the world, in- 
cluding both Eastern and Western United States, 
and they universally contain 0.2—0.4 percent nickel. 
The nickel is probably included chiefly in the lattices 
of the silicate minerals (mainly olivine and serpen- 
tine), but no method is now available for extracting 
it economically. 

As shown in table 87, conservative estimates of 
world nickel resources are about 2 billion tons of 
sulfide averaging 1.0 percent nickel and 7 billion 
tons averaging more than 0.2 percent nickel. For 
nickel laterites (table 88), the figure is about 5 
billion tons averaging about 1.0 percent nickel. The 
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sulfide estimates might be doubled by new discov- 
eries; the laterite estimate probably will not be as 
greatly expanded. 

As mentioned above, if a practical method is 
found to extract the 0.2—0.4 percent of nickel uni- 
versally disseminated through peridotites and ser- 
pentinites, vast amounts of nickel will become avail- 
able. The total of estimates given in the preceding 
paragraph would be increased by several orders of 
magnitude. The potential size of nickel resources in 
unknown areas of deep-sea manganese nodules could 
be enormous. 


PROSPECTING TECHNIQUES 


Prospecting and exploration techniques are quite 
different for the sulfide-, laterite-, and nodule-types 
of nickel deposits. Prospecting for nickel sulfides 
can be well illustrated by briefly describing the 
methods used by Inco (International Nickel Co. of 
Canada, Ltd.) in their discovery of the major 
Thompson district in Manitoba in 1956. Geologists 
first studied aerial photos to find major structural 
lineaments and bodies of favorable rocks such as 
ultramafics with which nickel deposits are known 
to be associated. Such a lineament was discovered 
trending southwest from Hudson Bay through the 
Thompson area. The area was then flown with air- 
borne magnetometer and electromagnetic equipment. 
Areas of coincidence of high magnetic anomalies 
and high electromagnetic conductivity were selected 
for exploration by diamond drilling. This drilling 
led to the discovery of two very large deposits of 
low-grade disseminated nickel sulfides in serpen- 
tinized peridotite intrusives. Attention was then 
turned to electromagnetic conductors that coincide 
with small magnetic anomalies. Such drilling re- 
sulted in the discovery of the Thompson deposit of 
nickel and iron sulfides in biotite schist that aver- 
ages 3 percent nickel and extends for 314 miles 
laterally and over 2,000 feet vertically. 

Prospecting for nickel laterites involves first the 
identification of large laterite (intensely weathered 
saprolitic soils) areas overlying ultramafic rocks. 
Most of the large nickel or nickel-iron laterites have 
probably been found; they occur in or near the 
tropics and lie on Tertiary erosion surfaces. The 
first step in the search for such laterites is the 
delineation of old erosion surfaces in favorable 
areas. Then the areas of ultramafic rocks are out- 
lined and the most promising selected for sampling 
on 500-foot or smaller centers. Sampling is done by 
augering or by digging pits. Nickel, iron, and mag- 
nesium determinations are made for 1- to 5-foot 
lengths in each hole. Thus areas of ore grade (com- 


monly those of higher than 1 percent nickel) are 
delineated. 

Nickel-bearing manganese nodules on the deep 
ocean floor are explored by dredging and bottom 
photography. 


PROBLEMS FOR RESEARCH 


Problems of developing potential nickel resources 
come under three headings: scientific, technological, 
and political. 

Research on the origin of the metamorphosed 
ultramafic deposits (Thompson type) would almost 
certainly pay dividends in the form of new discoy- 
eries. How does the nickel occur in these peridotites, 
and what happens to it during metamorphism? 
What are the most favorable environmental factors 
for the formation of this type of deposit? What 
criteria can be used in searching for similar depos- 
its elsewhere in the world? 

The technological breakthrough of greatest po- 
tential value would be development of a technology 
for the extraction of nickel that is universally pres- 
ent in peridotites and serpentinites in small but 
abnormal amounts. For ocean-bottom manganese 
nodules, the cost and difficulty of recovery from 
mid-ocean depths of 3,500-4,500 meters are major 
problems. The separation and refinement of the 
nickel and other metals from the nodules also poses 
a metallurgical problem that has not yet been re- 
solved. 
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ABSTRACT OF CONCLUSIONS 


Niobium (columbium) and tantalum have become im- 
portant metals in modern technology because of their metal- 
lurgical, electronic, chemical, and nuclear uses. Both metals 
occur in nature almost entirely as single isotopes Nb” and 


Ta" and are present in the earth’s crust in estimated abund- 
ance of 20 ppm (parts per million) and 2 ppm respectively. 
Niobium and tantalum have strong geochemical coherence 
and occur together in most rocks and minerals; however, 
some rock types such as nepheline syenite and carbonatites 
contain niobium in great preponderance over tantalum. These 
elements occur in minerals chiefly as oxides and multiple 
oxides, hydroxides, a few silicates, and one borate; more 
than 90 mineral species are known. 

Ore concentrations of niobium and tantalum occur in 
carbonatites and other rocks of alkalic complexes, certain 
types of granite, pegmatites, placers, and residual deposits. 
Most of the known deposits of niobium are found in car- 
bonatites and those of tantalum are contained in pegma- 
tites and placers. Most of the world’s resources of niobium 
and tantalum lie outside the United States, and consequent- 
ly these metals are almost entirely imported. Known re- 
sources within the United States could be utilized during 
times of national emergency but cannot at present compete 
with the larger and higher grade foreign deposits. On a 
worldwide basis, resources of niobium are more than ade- 
quate to supply the projected needs to the year 2000, but 
resources of tantalum barely meet these projected needs. 
Geologic research is needed to explore the possibilities of the 
existence of new types of tantalum deposits. 


INTRODUCTION 


Niobium (columbium) 1 and tantalum are two 
similar metals that have become increasingly im- 
portant in modern technology because of physical 
properties that are useful in certain metallurgical, 
electronic, chemical, and nuclear applications. These 
metals were discovered in 1801-02, but for more 
than a century and a quarter no practical use was 
found for them. Commercial usage of niobium began 
about 1930 when it was first used as an alloying 
element in steel. Tantalum, although used to a minor 
degree in the chemical and electrical industries in 
the 1920’s, was not extensively used until 1940 when 
it became an important material for capacitors. Both 
metals have been in strategically short supply at 
various times during and since World War II. 


1 Niobium (Nb) is the preferred name in chemistry and most other 
sciences and was officially adopted by the International Union of Pure 
and Applied Chemistry in 1950. The name columbium is still used to 
some extent in metallurgy and mineral trades. 
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Niobium is utilized chiefly in the form of ferro- 
columbium as an alloying element in carbon and 
alloy steel, stainless steel, and superalloys. Of promi- 
nence in recent years has been the inclusion of 
niobium in high-strength low-alloy steels that are 
used in the construction of large buildings, pipelines, 
and machinery and structures where savings in 
weight and increased durability and strength are 
important factors. Niobium is added as a grain 
refiner and stabilizer in some stainless steels and 
variously improves the corrosion resistance, weld- 
ability, or formability of the material. Niobium is 
a common alloying addition to nickel-, iron-, or 
cobalt-based superalloys that have use in high- 
temperature and high-strength applications such as 
gas-turbine components and hot-gas ducting in air- 
craft. For example, niobium-based alloys are used 
in rocket engines and superconductors, and unalloyed 
niobium is used in currently classified nuclear appli- 
cations, mainly in mill-product form. 

More than half of the tantalum produced is used 
in the electronics industry, largely in the manufac- 
ture of capacitors and rectifiers. The remainder goes 
into the production of superalloys in high-tempera- 
ture corrosion-resistant applications in aerospace 
vehicles, into tantalum carbide for high-temperature 
cutting tools, and into tantalum metal for a variety 
of corrosion-resistant usages such as prosthetic de- 
vices, chemical processing equipment, and liquid- 
metal containment apparatus. 

Because niobium is principally used as a ferroalloy 
element in steel, its consumption is tied closely to 
the activities of the steel industry; a cutback in 
steel production is reflected in a low consumption of 
niobium. The consumption of tantalum is related 
chiefly to the level of production in the electronics 
industry. 

In many applications vanadium can be substituted 
for niobium although some substitutions result in 
deficiencies in certain mechanical properties such as 
weldability in high-strength steel. Tantalum and 
titanium are possible substitutes for niobium in 
superalloys. 

Aluminum and ceramic materials can be substi- 
tuted for tantalum in capacitors, with correspond- 
ing tradeoffs among such things as durability, cost, 
and size of units. Molybdenum and tungsten are 
sometimes substituted for tantalum used in chemical 
environments, and they may be actually superior in 
some applications where halogens and halides are 
involved; however, unlike tantalum, both have poor 
weldability characteristics. 

Except for material released from the govern- 
ment stockpile, the United States has imported all 
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its niobium and tantalum since 1959. Some domestic 
deposits are known and have been variably explored, 
developed, or exploited, but none are commercially 
productive at the present time. These metals are 
imported mostly in the form of mineral concentrates 
chiefly from Brazil, Canada, and Nigeria and other 
African countries and in processed material in the 
form of ferrocolumbium from Brazil and of tanta- 
lum-bearing tin smelter slags from Malaysia. 


EXPLOITATION 


Limited demand for niobium and tantalum began 
in the first quarter of the 20th century and a low 
consumption continued until the World War II 
period at which time critical shortages of both 
niobium and tantalum developed (fig. 53). Tempo- 
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FIGURE 53.—World production and U.S. imports of niobium- 
tantalum concentrates, 1937-71. Data from U.S. Bureau 
Mines (1938-72). Note: Ferrocolumbium included in im- 
port data for 1964-68. Comparable data not available for 
1970-71. One pound ferrocolumbium arbitrarily considered 
equivalent to 2 pounds niobium ore concentrate. 


NIOBIUM (COLUMBIUM) AND TANTALUM 


rary allocation controls were applied to the use of 
these metals, and some concentrates were airlifted 
to help alleviate the shortage which could not be 
met by domestic production. The increased need for 
these metals was caused by the increased use of 
niobium in high-temperature steel alloys and the 
use of tantalum as a catalyst in the manufacture 
of synthetic rubber. 

A second period of critical shortage occurred in 
the early 1950’s during the Korean conflict when 
niobium-bearing steel alloys were required in the 
greatly increased manufacturing of jet engines. At 
this time the United States instituted a guaranteed 
purchase program that promoted exploration, dis- 
covery, and production of niobium in both domestic 
and foreign deposits. The program resulted in the 
discovery of numerous large low-grade carbonatite 
deposits and some large placer deposits. One of these, 
the Bear Valley, Idaho, placer deposit, has been the 
site of the dominant and the only significantly large- 
volume niobium-tantalum production in the United 
States. This production ceased in 1959 because gov- 
ernment purchase contracts were fulfilled at that 
time. 

In the subsequent 10 years, production and con- 
sumption of niobium and tantalum generally fol- 
lowed the trend in production of steel which showed 
a general gradual increase, and niobium-tantalum 
consumption of the United States accounted for the 
largest proportion of the world production. How- 
ever, during the last few years prior to 1972, as 
illustrated in figure 538, this relation has changed 
markedly, with the U.S. consumption of niobium, 
though increasing, greatly overshadowed by the 
much greater rate of increase in world production. 
The increased rate of world production is attributed 
to the rapidly expanding use of niobium in the manu- 
facture of high-strength low-alloy steels by modern 
steel-manufacturing facilities in Japan and Western 
Europe. 


ENVIRONMENTAL PROBLEMS 


Mining operations for niobium and tantalum have 
no known unique features that affect the environ- 
ment differently from the mining of many other 
ores. Open-pit mining of carbonatites presents the 
problems of large excavations and extensive waste 
disposal which in populated regions are offensive to 
view and may affect local property values. Placer 
mining and dredging of niobium-tantalum minerals 
requires the restoration of placered ground and also 
requires the application of measures to control the 
added mud and silt in the draining streams. Niobium- 
tantalum minerals themselves are not pollutants, 
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and drainage waters from mines should not be de- 
grading to the environment. 

Niobium and tantalum are not hazardous metals; 
stack exhaust fumes, gases, and dust from extrac- 
tion plants are easily controlled and offer no known 
health hazards or uncontrollable environmental 
problems. 


GEOLOGIC ENVIRONMENT 


GEOCHEMISTRY 

Niobium is a chemical element with atomic num- 
ber 41 and atomic weight 92.91; tantalum has atomic 
number 73 and atomic weight 180.95. In nature both 
elements consist almost entirely of single isotopes 
Nb®? and Ta‘*? (Strominger and others, 1958), with 
Ta'®° accounting for only 0.01 percent of that ele- 
ment (Evans and others, 1955; White and others, 
1955). 

Niobium and tantalum have strong geochemical 
coherence; that is, they are closely associated and 
found together in most rocks and minerals in which 
they occur. Great preponderance of one element over 
the other rarely occurs in some rocks such as nephe- 
line syenite (niobium-rich) or lithium-bearing peg- 
matites (tantalum-rich). The principal reasons for 
coherence are similar ionic radii and identical 
valence states (Nb+> —0.69 A and Tat® —0.68 A). 
Both elements are lithophilic, showing strong affinity 
for oxygen and being enriched in the earth’s crust 
(Rankama and Sahama, 1950). Niobium is also en- 
riched in some carbonatites and kimberlites that are 
considered to be of mantle derivation. 

The crustal abundance of niobium is considered 
by modern estimates to be about 20 ppm (parts per 
million) and of tantalum, to be about 2 ppm (sum- 
marized by Parker and Fleischer, 1968). The abun- 
dance is variable both in members of the same rock 
type in different localities and in different rock types. 
In general, however, lowest values of niobium and 
tantalum are found in some ultramafic rocks (not 
related to alkalic complexes) and some of the highest 
values of niobium are found in alkalic granites, 
nepheline syenites and related ultramafic rocks, peg- 
matites, and carbonatites. Highest contents of tan- 
talum occur in albitized granites and pegmatites 
that are late-stage differentiates of granitic batho- 
liths. Worthy of note is the fact that many carbona- 
tite niobium deposits have very low contents of 
tantalum. 

The small amounts of niobium and tantalum that 
are dispersed in ordinary magmatic rocks are chiefly 
present as “camouflaged” elements in iron- and iron- 
titanium-bearing minerals, to a certain extent in 
zirconium minerals, and rarely as discrete minerals 
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of niobium and tantalum. Where present in many 
rock-forming minerals, the niobium and tantalum 
are in limited substitution for titanium, tin, tungs- 
ten, and zirconium. 


MINERALS 

A glossary of niobium and tantalum minerals 
given by Parker and Fleischer (1968) shows that 
niobium and tantalum minerals are chiefly oxides, 
multiple oxides, and hydroxides, as well as a few 
silicates and one borate. More than 90 species are 
known; the most important ore minerals and their 
chemical compositions are listed below: 


Columbite- 

tantalite __-__ (Fe,Mn) (Nb,Ta) Ox 
Euxenite _______ (Y,Ca,Ce,U,Th) (Nb,Ti,Ta) Oc 
Fergusonite ~__- (Y,Er,Ce,Fe) (Nb,Ta,Ti) O, 
iaolites =e (Ta,Nb,Sn,Fe,Mn).0s 
Loparite 

(variety of 

perovskite) -__ (Ce,Na,Ca)2(Ti,Nb) 20. 
Microlites= === (Na,Ca)2Ta2(O,OH,F),; 
Murmanite _____ Na2(Ti,Nb) 2 SizO,enH.O 
Pandaiteqeea (Ba,Sr) (Nb,Ti) (0,OH)- 
Pyrochlore _____ (Na,Ca)2Nb:(0O,0H,F), 
Samarskite -____(Y,Er,Ce,U,Ca,Fe,Pb,Th) (Nb,Ta, Ti,Sn).O. 
Wodginite ______ (Ta,Nb,Sn,Mn,Fe) 1Os2 


TYPES OF DEPOSITS 

Ore concentrations of niobium and tantalum occur 
in certain types of magmatic rocks and endogenic 
derivatives of those rocks. Commercial deposits have 
been found in various related rocks of alkalic com- 
plexes, such as nepheline syenites and carbonatites, 
certain granites, pegmatites, and placers. Some low- 
grade, widely disseminated, unexploited deposits of 
niobium occur in riebeckite granite and in bauxite 
derived from nepheline syenite. 


ALKALIC ROCK COMPLEXES 
NEPHELINE SYENITES 


Nepheline-bearing syenites are among the types 
of rocks that may be greatly enriched in niobium 
and tantalum, particularly in their late phases such 
as pegmatites, albitized zones, and some carbona- 
tites. Nepheline syenites are found in alkalic rock 
provinces throughout the world but are best known 
from their many occurrences in the U.S.S.R. where, 
according to Es’kova (1960), they constitute 1 per- 
cent of the exposed igneous rocks. In eight of the 
prominent nepheline syenite massifs of the U.S.S.R., 
the average niobium content ranges from 100 to 900 
ppm, and the average tantalum content ranges from 
12.0 to 20.5 ppm (Parker and Fleischer, 1968). 

On the basis of chemical and mineralogical dif- 
ferences, there appear to be two distinct types of 
nepheline syenites, which have been given the dis- 
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tinguishing terms “agpaitic’” and ‘miaskitic.” As 
originally proposed by Ussing (1911), the agpaitic 
type is characterized by an excess of alkalies 
(K,0-++Na.O) over alumina, in contrast to the ‘‘com- 
mon” type in which this ratio is 1 or less. The 
agpaitic type is also characterized by the presence 
of complex zirconium- and chlorine-bearing minerals 
and sodic amphiboles and pyroxenes and by the 
general absence of calcite. Because of their enrich- 
ment in typical “rest elements” and in volatiles 
such as F, Cl, and H.O, agpaitic nepheline syenites 
have a compositional resemblance to pegmatites 
(Sorensen, 1960). The ‘‘ccommon” or miaskitic nephe- 
line syenite, in addition to having the lower alkali- 
alumina ratio, differs from the agpaitic type in 
mineral assemblage by containing more of the com- 
mon rock-forming species, such as biotite, augite, 
hornblende, sphene, and apatite, and fewer of the 
rare minerals of complex chemistry that are found 
in the agpaitic type. These and other characteristics 
of the two types, as well as some notable occur- 
rences, are described by Heinrich (1966, p. 19). 

Although both agpaitic and miaskitic syenites may 
be enriched in niobium and tantalum, they differ in 
the kind and number of minerals in which these 
elements occur. In agpaitic syenites and their deriva- 
tives, these two elements are largely fixed in titan- 
ium and zirconium minerals, many of which are rare 
species (Es’kova, 1960). In the miaskitic type, some 
of these minerals may be present, but there is a 
greater tendency for the formation of independent 
niobium-tantalum minerals such as pyrochlore, par- 
ticularly in the late magmatic and postmagmatic 
derivatives. 

Niobium- and tantalum-bearing agpaitic rocks 
make up much of the great Lovozero alkali massif 
in the Kola Peninsula, U.S.S.R., and have been 
described in detail by Vlasov, Kuz’menko, and Es’- 
kova (1959). The massif as a whole contains about 
900 ppm niobium and 70 ppm tantalum, but the con- 
tent of these elements varies not only among the 
various differentiates but also within the layered 
rock units themselves, as for example, in porphyritic 
lujarvrite, which may contain 0.03-0.92 percent 
(Nb,Ta).O;. 

The principal niobium mineral in the Lovozero 
complex is loparite, a member of the perovskite 
group which contains about 12 percent (Nb,Ta).0;. 
It is found to some extent in all the rocks of the 
complex but is most abundant where differentiation 
has been greatest, particularly in the base of urtite 
(nepheline-rich syenite) layers and the top of the 
underlying trachytic nepheline syenite. Niobium and 
tantalum are major constituents of several other 
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minerals of the complex in addition to loparite and 
are also present in minor amounts in many more. 

Another important area of niobium mineraliza- 
tion is the Ilimaussaq complex in southwest Green- 
land where agpaitic nepheline syenites are overlain 
by lavas, gabbros, anorthosites, and augite syenite. 
All the rocks contain niobium minerals, chiefly pyro- 
chlore and members of the epistolite-murmanite 
group, in shear zones and hydrothermal veins. The 
agpaitic rocks contain 500-1,500 ppm Nb.O; and 
15-60 ppm Ta.0;. The niobium content of the rocks 
of the complex increases from the preagpaitic rocks 
to the agpaitic rocks and further to the late hydro- 
thermal veins (Hansen, 1968). 

Alkalic complexes dominated by agpaitic rocks are 
found at various other places in the world, including 
the United States, but so far as is known, only those 
in the Kola Peninsula, U.S.S.R., have been economic- 
ally exploited for niobium. Economic deposits are 
chiefly in the more numerous complexes of domi- 
nantly miaskitic rocks which are more favorable for 
the development of carbonatite bodies and veins. 
Although there are some exceptions (Sorensen, 
1960), the miaskitic types are characterized by far 
less of the numerous zirconium-titanium minerals 
in which much of the niobium and tantalum in the 
agpaites is dispersed and are more apt to contain 
the niobium and tantalum in richer and more eco- 
nomically interesting species, notably pyrochlore, in 
minable concentrations in their related carbonatites. 

Nepheline syenite bodies containing about 200 
ppm niobium are the source rocks of the bauxite 
deposits of Pulaski and Saline Counties, Ark. Inves- 
tigation of the trace-element content of the bauxite 
showed that a significant enrichment in niobium had 
taken place, the bauxite containing about 2.5 times 
the amount of niobium present in the parent rock 
(Gordon and Murata, 1952; Fleischer and others, 
1952). Niobium in the syenite appears to be largely 
contained in accessory sphene which during bauxiti- 
zation was altered to various other titanium min- 
erals, chiefly ilmenite, which then became the prin- 
cipal carriers of niobium in the bauxite. The niobium 
enrichment parallels that of alumina, suggesting 
that the concentration was entirely residual. 


CARBONATITES 


Carbonatite bodies contain the most extensive 
known world resources of niobium. They commonly 
are found in the interior parts of alkalic intrusive 
complexes which contain a wide variety of rock types 
ranging from nepheline syenite to alkalic gabbro 
and pyroxenite. Many of these complexes are circu- 
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lar in plan (though some are not) and the consti- 
tuting rocks including the carbonatites commonly 
are arranged in arcuate, radial, or irregular dis- 
cordant masses within the complexes. Some car- 
bonatites are found intruding unrelated country 
rocks, but most of the occurrences can be associated 
with nearby alkalic rocks. 

Carbonatites and associated alkalic rocks range 
widely in age from Precambrian to Holocene and 
are not confined to any particular geologic period. 
Some complexes are linked to volcanic activity at the 
earth’s surface, and actual carbonatite lavas are 
recorded at Oldoinyo Lengai in Tanzania (Tangan- 
yika). Others not obviously related to any known 
extrusive rocks represent complexes exposed at 
deeper levels in the crust by a combination of ero- 
sion and geologic structure. 

Carbonatites and related alkalic rock complexes 
are for the most part restricted to the stable parts 
of the continent. This distribution is true for Africa, 
South America, North America, and Eurasia. Some 
complexes tend to cluster along major crustal breaks 
such as the African rifts, whereas some show little 
relation to identifiable structures. 

Carbonatites have been intensively explored over 
the world primarily in the search for niobium, and 
considerable information is now available on their 
nature and composition. Many carbonatites have 
been shown to contain deposits of one or more of 
the following metals or mineral commodities: Nio- 
bium, rare earths, copper, nickel, titanium, thorium, 
uranium, vermiculite, fluorite, zirconium, barite, 
apatite, and strontium. The carbonatite itself ranges 
from iron- and magnesium-bearing carbonates to 
nearly pure calcite, and some of this material is 
marketed for agricultural and other purposes. Some 
carbonatites conceivably could be exploited profit- 
ably for the collective recovery of more than one 
commodity, whereas on an individual basis the com- 
modities might be marginal or submarginal eco- 
nomically. 

Explored niobium deposits in carbonatites con- 
tain immense reserves of niobium. The grades range 
from below 0.2 percent Nb.O; to more than several 
percent. Some of the largest deposits exceed 8 mil- 
lion tons of Nb.O, which occurs in the carbonatites 
chiefly as the mineral pyrochlore. 

Some representative niobium-bearing carbonatites 
in various parts of the world are listed below: 


inom ihlll Cole; =s+s+---ss<s= Temple and Grogan (1965). 
Gem Barks Colon ena 2 == Parker and Sharp (1970). 
Okay/Quebec}= = ae Gold (1966). 


AS arace brazil ee ae de Souza and Castro (1968). 
KenyeNorwayae =e Saether (1957). 
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Tweshe; (Congo) s--e= 3 = e Wambeke (1965). 

Sukulus, Uranda eos Davies (1956). 

Kaiserstiihl, Germany ______-- Wambeke and others (1964). 
Although some disagreement exists on the origin 

of carbonatites, prevailing opinion is that they are 

intimately related to alkalic rocks including kimber- 

lites and that they probably originated from material 

derived at great depth, possibly within the mantle 

(Heinrich, 1966). 


GRANITIC ROCKS 

Niobium and tantalum are present in most granitic 
rocks in trace amounts in iron- and iron-titanium- 
bearing minerals and to some extent in zirconium 
minerals. A few rare granites contain columbite, 
euxenite, fergusonite, or pyrochlore as accessory 
minerals to the extent that economic concentrations 
of these minerals may develop through the weather- 
ing of the rocks either in residual deposits or in 
placers. 

The Jos Plateau in central Nigeria is an important 
producer of columbite which is obtained in part from 
alluvial and eluvial concentrations from Precambrian 
pegmatites, but mainly from alluvial deposits and 
saprolite derived from biotite granites. These gran- 
ites are part of an igneous complex of possible 
Jurassic age (Black and Girod, 1970) known as the 
Jos-Bokuru Younger Granite complex which occu- 
pies an area of more than 100 square miles. The 
complex includes gabbros, porphyries, rhyolites, bio- 
tite granite bodies, and riebeckite granite (Mackay 
and others, 1949). Several phases of the biotite 
granite, all of which contain accessory columbite, 
have been recognized. The Rayfield-Gona and Forum 
phases are the richest and contain an average of 
0.4 pound columbite per ton, and as much as several 
pounds per ton are found in local concentrations 
(Williams and others, 1956). Columbite is also an 
accessory mineral in the Lunyo albite granite in 
Uganda (Knorring, 1960). Other accessory minerals 
in this rock include magnetite, cassiterite, zircon, 
thorogummite, fluorite, and pyrite. Columbite gran- 
ites may not result entirely from magmatic processes 
but may involve autometasomatic processes resem- 
bling greisenization in which calcium is removed 
from plagioclase and iron, titanium, niobium, and 
tantalum are removed from biotite. These elements 
are recombined to form fluorite, magnetite, and 
columbite (Parker and Fleischer, 1968). 

Huxenite-bearing granitic rocks (quartz mon- 
zonite or quartz diorite) in the Idaho batholith con- 
tain from a trace to 0.05 pound of euxenite per cubic 
yard and with their related pegmatites are the 
apparent source of the euxenite placer deposits in 
Bear Valley, Idaho (Mackin and Schmidt, 1956). A 


UNITED STATES MINERAL RESOURCES 


fergusonite granodiorite in the Nang-ling Range in 
southern mainland China has been described by 
Wang (1964). From the English summary of Wang’s 
report (Lee, 1970, p. 22), the fergusonite is most 
abundant in the marginal zone of the granodiorite. 
Fergusonite granite has also been found in the basin 
of the Gava Say River in the U.S.S.R. (Parker and 
Fleischer, 1968). 

Pyrochlore granites are highly alkalic rocks com- 
posed principally of microperthite, sodic plagioclase, 
quartz, sodic amphibole, and sodic pyroxene. Pyro- 
chlore is present in the Mount Rosa Granite, a 
riebeckite granite in the Pikes Peak area, Colorado 
(Gross and Heinrich, 1965), and in a riebeckite 
granite phase of the Jos-Bokuru complex in Nigeria. 
The pyrochlore content of the Nigerian granite from 
one occurrence was estimated to be about 0.7 per- 
cent (Mackay and others, 1949, p. 79). 


PEGMATITES 


Pegmatites are a type of igneous rock generally 
considered to represent the crystalline product of 
residual magmatic fluids and as such may contain 
concentrations of a number of rare elements whose 
properties inhibited their entry into minerals of 
earlier formed rocks. Pegmatites are commonly of 
granitic composition, but pegmatitic phases of other 
rocks, such as syenites, are found in some districts. 
A characteristic of pegmatites is the large but 
extremely variable grain size of the constituent 
minerals. Some pegmatites contain roughly con- 
centric layers or zones of contrasting mineral assem- 
blages, while others are unzoned with an essentially 
random distribution of minerals. 

Pegmatites were for many years the major source 
of niobium and tantalum, and whereas niobium is 
now obtained largely from carbonatites, pegmatites 
still remain the dominant primary source of tanta- 
lum. These elements may be present in pegmatites, 
either in one or more of a large number of inde- 
pendent minerals of which columbite-tantalite is the 
most common or in the structure of such carrier 
minerals as micas, garnets, tourmaline, ilmenite, or 
zircon. Certain types of pegmatites seem to be more 
intensely mineralized with niobium and tantalum 
than others. These are commonly the complexly 
zoned pegmatites characterized by abundant albite 
and a strong development of lithium and beryllium 
minerals. 

The tendency for pegmatite minerals to occur in 
large crystals and to be localized in distinct zones 
has favored the recovery of niobium-tantalum min- 
erals from deposits that would otherwise be unmin- 
able. Pegmatites in tropical areas may also be deeply 
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weathered, so that some of the heavy resistate 
minerals may be recovered from the saprolite by 
simple placer-type methods. 

Columbite-tantalite and other niobium-tantalum 
minerals occur in pegmatites throughout the world, 
but only a few deposits have been sufficiently rich 
to be mined solely for these minerals, and they are 
more commonly a coproduct or byproduct of mica, 
beryl, or cassiterite operations. In the United States, 
intermittent recovery of niobium-tantalum minerals, 
chiefly columbite, has been made from almost all 
areas where pegmatites are found (Barton, 1962). 
The Harding pegmatite, in Taos County, N. Mex., 
was an important source of tantalum during World 
War II and supplied about 3 tons of microlite con- 
centrates during a brief period when tantalum was 
in very short supply (Montgomery, 1947). By 1946, 
about 17,200 pounds of microlite had been produced 
from the deposit (Berliner, 1949). The unusual con- 
centration of tantalum in the pegmatite is thought 
by Montgomery (1950) to have been derived from a 
genetically related granite in which tantalum is 
largely concentrated in sphene. 

The present major source of tantalum in North 
America is a pegmatite, the Bernic Lake deposit in 
southeastern Manitoba, that has been estimated to 
contain about 2 million tons of ore containing 0.23 
percent Ta.0; (Howe, 1968). Like the Harding peg- 
matite, it is a complexly zoned deposit containing 
lithium and beryllium as well as tantalum and 
niobium. The principal ore mineral at Bernic Lake 
is the uncommon mineral wodginite which occurs 
mainly in a potassium feldspar-muscovite-quartz- 
beryl zone lying below the quartz core (Grice and 
others, 1971). 


PLACER DEPOSITS 


Concentrations of niobium and tantalum minerals 
in various types of placer and residual deposits have 
been significant sources of these elements. Individual 
deposits of these types commonly are small but may 
be sufficiently numerous in a local area to constitute 
an economically important district. 

Resistate heavy minerals such as Colne or 
tantalite, when released from their host rock by 
weathering, may accumulate essentially in place and 
become enriched in the rock debris by chemical and 
mechanical removal of other less durable and lighter 
weight minerals. Such accumulations in eluvium may 
constitute economic deposits minable by placer 
methods. 

Transport and redeposition by running water can 
form concentrations of niobium and tantalum min- 
erals in alluvial placers, the richest being in or near 
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the source area at some site where the velocity of 
the water is reduced to the point where the heavy- 
mineral grains can no longer be transported. This 
reduction of velocity can result from many factors 
largely related to the geomorphic history of the 
terrain. 

Heavy-mineral concentrations formed along sea 
beaches by wave action are important sources of 
monazite, zircon, and rutile. Niobium and tantalum 
minerals, however, are rarely reported from these 
placers, but it is quite probably that unsuspected 
niobium enrichment either from independent nio- 
bium minerals or from carrier minerals would be 
found by analytical studies of sea-beach concen- 
trates. 

Consolidated equivalents of sea-beach placers are 
found in sedimentary rocks; notable are those of 
Cretaceous age in Wyoming and other western 
States. Some of these fossil placers are large enough 
to constitute possible future sources of titanium, zir- 
conium, and rare earths. A niobium-bearing opaque 
radioactive mineral found in the Wyoming deposits 
and tentatively identified as euxenite could be a co- 
product of these placers if they were exploited 
(Houston and Murphy, 1962). 

The most important placer deposit of niobium and 
tantalum known in the United States is at Bear 
Valley, Valley County, Idaho. The placer was mined 
from 1955 through 1959 by two dredges with a com- 
bined capacity of 8,000 cubic yards per day, and 
during the period of operation 1,050,000 pounds of 
combined niobium and tantalum oxide was pyro- 
duced from the euxenite and subordinate columbite 
recovered from the deposit (Barton, 1962). It has 
been estimated that there is sufficient unmined 
ground to permit 30 years’ mining at the same rate 
of operation (Mining World, 1958). 

The placer area is in a glaciated valley in the gran- 
itic rocks of the Idaho batholith ; the richest placers, 
which have been partially mined, are in the upper 
part of the valley where the source of the valuable 
minerals is thought to be a 6-square-mile area of 
quartz diorite and associated pegmatites (Mackin 
and Schmidt, 1956). The euxenite content of the 
quartz diorite is very irregular and may range from 
a trace to 0.05 pound per cubic yard; this has been 
enriched to about 1 pound per cubic yard in the 
placers, where the euxenite is accompanied by a 
large suite of other heavy minerals, some of which, 
with their estimated tenor in pounds per cubic yard, 
are as follows: Columbite (0.2), ilmenite (20), mag- 
netite (5), zircon (0.05), garnet (5), and monazite 
(0.5). 

During the processing of the placer sands, euxen- 
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ite, columbite, and monazite were the principal prod- 
ucts, and ilmenite, magnetite, zircon, and garnet 
were the stockpiled byproducts (Dayton, 1958). 
The euxenite placers of Bear Valley are thought 
to be the result of a fortuitous combination of the 
following factors: (1) Local concentrations of the 
mineral in the quartz diorite and pegmatites, (2) 
sufficient disintegration of the host rock to free the 
minerals, (8) the action of Pleistocene glaciers 
which dammed the local drainage and led to the 
accumulation of valley fill, and (4) quickened down- 
slope movement of enriched mantle during the peri- 
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ods of glaciation (Mackin and Schmidt, 1956). 
Other placer deposits in Idaho, particularly the 
Dismal Swamp deposit in Elmore County, contain 
niobium and tantalum minerals (Armstrong, 1957; 
Savage, 1961), but none of these are known to be 
comparable in size or grade to those at Bear Valley. 


RESOURCES 
IDENTIFIED RESOURCES 


The most extensive resources of niobium and 
tantalum (tables 89, 90, and 91) are found in Brazil, 
Canada, and several African countries. Known re- 


TABLE 89.—Reserves of niobium and tantalum 


[ Reserves: Identified deposits from which minerals can be extracted profitably with existing technology and under present economic conditions] 
Ore Grade Nb20Os content Ta20s5 content Type of 
Locality (tons) (percent) (tons) (tons) deposit 
North America 
Canada: 
PakewNippissingss Ontario eee eee 5,000.000 0.7 30,000 se Carbonatite. 
hakners cakes Ontari oes see eee eee 50,000,000 26 130!000 eens 0. 
GhapleautOntanrion=———- 2. = =e Se 20,000,000 a3) 100/000 ee Do. 
15,000,000 BS} 451000 ee 
JameswRayemOntarione se ae ae ae ee 40,000,000 52 208000 Rha sae Do. 
StapHonore@uebecs-- =~ == 5 ee 100,000,000 a5) 500/000 eee Do. 
Okama@ uehecteeres ae = ee Seen eens 225,000,000 35 STOO eee Do. 
Bernichlake Manitoba pes =e enn eee 1,900,000 Looe WT ee 4,370 Pegmatite. 
Bugaboo Creek, British Columbia ____________ () (7) 500s fe tS = Placer. 
PO tallgaeer eee eS = Be ee te eee a Bie 1,810,600 4,370 
_ United States: 
TronpeculleColosee = an ew eee oe eee 40,000,000 125) 100000 ee Carbonatite. 
iBearmValleysldahops se es oe ee 3 (*) 8,000 2,000 Placer. 
Hanrdingssmines Ni. MCX oe See ee 100,000 le a high eae 100 Pegmatite. 
MRO baller ee es ee Ree ede Se Se ae 108,000 2,100 
South America 
Brazil: 
PA AKO ae etn ee oe ee ee 300,000,000 3.0 91000000 Carbonatite. 
alpina ee cere a ae oe ee a eee ee ee ee 10,000,000 5 '50'0 00a Do. 
Wantalitedeposits! es SE ee te ee ey oe Le Pe? Seem 4,000 Pegmatite. 
otal) Seesu28 to. 3 asia oes nate pee Ho —_ 9,050,000 4,000 
Other: 
Eprenche Guiana (tantalite) == rae 300,000 Viger ee CS = 8 1,200 Do. 
Guyana’ \(tantalite)/) Se 2 Sees Fe ee eee ee i 500 250 Do. 
Motall: =SSSSo ay ee See Se es eae Se Boke. we 500 1,450 
Europe 
GermanyeKaiserstuh)] 2225s ee es 750,000 0.5 31D ee eee Carbonatite. 
NorwaylnsGvernce sss s an. Said, 2 Se ee 61,000,000 0.2-0.5 13 8'50 0 Do. 
PO tal esos Set Bk ol I tells Fe eS ih hee ee ees ee = 142050) 0) Sass 
Africa 
Congo: 
Teste we es SMSO SP PS Le ST 30,000,000 1.34 4025000 Re Do. 
BST Ogee ae ew a cal Dc eee Be ee 7,100,000 2.4-3.6 193'0 00 samen Do. 
Coluimbite= tam Calitesy ose cree eae ee ee Eas 50,000 50,000 Pegmatite- 
placer. 
Kenyatta Mrimas Hill.) 28h te om eR eee eee 56,000,000 .67 3152 00M ee Carbonatite. 
50,000,000 at 35000 Oe ees 
Nigeria: 

KaffomVialley t= 52226: et ent St ete 140,000,000 26 3641000 Granite. 
Joswblateaupes 2-2-5 22 <= Sei we ee ee aoe 100,000 10,000 Placer. 
Uganda Sukulumes- 6 so Saw eee ee eee 200,000,000 PAS 5 00°00 0 Sees Carbonatite. 
Malawicmllombay 22 2: ies a a ee 100,000 33 BOOP Te wceeeneee Pyroxenite. 

pT Ort eal pee a a os eR ye ee I Ll fad 2,744,500 60,000 


165 million cu yd. 20.1 Ib per cu yd. 3 200,000,000 cu yd. 


4 Estimated euxenite content, 1 lb per cu yd. 
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TABLE 90.—Conditional resources of niobium and tantalum 


[Conditional resources: Specific, identified mineral deposits whose contained minerals are not profitably recoverable with existing technology and 
economic conditions] 


Type of Ore Grade Nb20s content Ta20s content 
Locality deposit (tons) (percent) (tons) (tons) 
North America (United States) : 
Bauxite deposits, Arkansas __-Byproduct 54,000,000 0.05—0.15 GRO) |) ae eee oe Se 
potential. 
Magnet Cove, Ark ______-_____ Carbonatite __ 12,000,000 08 10/000) |) See Se eee 
Africa: 
Nigeria: Jos Plateau _---_--- _____-__-__-- i Pree 2 ea ae ee Ee a Se eS 
Malawi: Chilwa Island _____-- Residual Several million DG Sat i ek ea ne ee EO 
material. 


Other :* South America, Africa, 
Asia, and Europe. 


1 Several hundred million tons of ore is inferred. 


2Tin smelter slags; based on estimated 1970 production times 10; exclusive of U.S.S.R. 


TABLE 91.—Unevaluated resources of niobium and tantalum 


Locality Type of 
deposit 
North America (United States) : 
Gem ParkisColo.--==+ 5-22 — see = Carbonatite. 
Potash Sulfur Springs, Ark -_----__- Do. 
Rockya Boyan Mont see eee es Do. 
Europe: 
Hinland’ | Sokii) So 2522= == = Do. 
Portugal (tin-tantalite) ~__-._-_-_-__- Pegmatite and 
placers. 
Africa: 
Tanzania: Oldonyo Dili -_-_--__-__-- Carbonatite. 
North Rhodesia: 
Dai, IDISHEES coset ooeceeSeseses Do. 
NikumibwaeHil a ee Do. 
South Rhodesia: 
Bikitay aon o anon ena see ona Pegmatites. 
WMaroway sells sie ee ba ee Carbonatite. 
Gabon: Columbite-tantalite __________ Pegmatites. 
South West Africa: 
Orange River area ____--__-__-_- Do. 
Karabib-Omaruru area __________ Do. 
Zambia: 
INkombwat oot ess. SCs ees Carbonatite. 
Kealnwey eta e. ose Sey | ht Bo 0. 
Malagasy Republic -_-___________-__ Pegmatite. 
Mozambique, (est2 Jabal nen Sires” Do 


a: Republic of South Africa: Glenover __ Carbonatite. 
sia: 


Malavagea =a) ee oan eee ens nee Pegmatites and 
placers. 
Thailand: Phang Ngo _____-__-_____ Placer. 
India: Ambadongar ________________ Carbonatite. 
Australia: Western Australia ___________ Pegmatites and 
placers. 


sources of these elements in the United States are 
relatively small. The United States as a major con- 
sumer of these elements must therefore look to 
these foreign sources for its present and near-future 
supply. 

In the past, small amounts of niobium and tanta- 
lum were produced from the numerous pegmatite 
districts in the United States, commonly as byprod- 
ucts of mining for mica, beryl, and lithium minerals. 
This small and erratic source of niobium and tanta- 
lum is rather insignificant when compared to the 
large pyrochlore deposits now supplying most of the 
niobium markets. 

The most significant resources of niobium in the 


United States are contained in carbonatites at Iron 
Hill and Gem Park, Colo.; Rocky Boy, Mont.; and 
Magnet Cove and Potash Sulfur Springs, Ark.; in 
euxenite placer deposits at Bear Valley, Idaho; and 
in the bauxite deposits of Arkansas. Minor tantalum 
resources are also contained in the placer deposits 
of Bear Valley, Idaho, and in pegmatites widely dis- 
tributed in the United States but especially at the 
Harding mine, N. Mex. 

Three of the carbonatites are not sufficiently ex- 
plored to be included in the computation of reserves, 
and one (Magnet Cove) is of lower grade than that 
of deposits now considered minable. The Arkansas 
bauxite deposits contain 0.05—-0.15 percent Nb.O; 
and constitute a major potential resource, but re- 
covery of the niobium, although it can be made 
during the processing of the bauxite, is unprofitable 
under present market conditions. 

At least half of the evaluated domestic deposits, 
therefore, are of much lower grade than those con- 
sidered as commercial sources and must be classed 
as resources rather than reserves. Such deposits, 
however, remain strategically important and could 
be utilized in times of national emergency. 

Distinction between world deposits that constitute 
reserves and those that are conditional resources 
cannot be made on a strict tonnage and grade basis. 
Deposits shown as reserves (table 89) include some 
which are now being mined as well as others which 
would appear to be minable but which are not now 
comfetitive with the larger and richer deposits. The 
resources shown in table 90 are largely carbonatites 
that are known to contain niobium minerals but are 
otherwise unevaluated. Also listed in table 90 are 
some evaluated deposits of grade of 0.2 percent or 
below, which are considered subeconomic at the 
present time. 

The identified resources of niobium and tantalum 
of the world (exclusive of U.S.S.R. and Iron Curtain 
countries) are summarized in table 92. 
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TABLE 92.—Summary of identified resources of niobium and 


tantalum in the world 
[Identified resources: Specific, identified mineral deposits that may or 
may not be evaluated as to extent and grade, and whose contained miner- 
als may or may not be profitably recoverable with existing technology 
and economic conditions] 


Nb2Os content Ta20s5 content 


(tons) (tons) 
Reserves* (see table 89): 
North America’ =_—==--==== 1,918,600 6,470 
South America! /=-—2==-==—— 9,050,500 5,450 
UO ee ee eee eee WAZ 250 oe === 
AETICAY fre = See ee 2,744,500 60,000 


13,855,850 71,920 
14,000,000 72,000 


14,000,000 72,000 
28,000,000 144,000 


1 Reserves: Identified deposits from which minerals can be extracted 
profitably with existing technology and under present economic condi- 
tions. 

2 Conditional resources: Specific, identified mineral deposits whose con- 
tained minerals are not profitably recoverable with existing technology 
and economic conditions. 


Total reserves 


Total reserves rounded __-_____ 
Total conditional ? resources 
(see text) 


Total identified resources 


About 14 million tons can be identified as a mini- 
mal figure for reserves of Nb.O; in deposits in the 
world, and similarly a figure of 73,000 tons is mini- 
mal for reserves of Ta,O;. Additional resources of 
probable lower grade exist at many of the explored 
deposits as unevaluated protore bedrock beneath 
some surficial weathered deposits in some carbonatite 
complexes and in some weathered pegmatite and 
granite deposits. Some deposits also contain lower 
grade material that was not included in reserve 
calculations because it was below the grade of ma- 
terial being considered at the time of evaluation, 
and some deposits have been identified as containing 
niobium and tantalum minerals but have not been 
sufficiently explored or evaluated. These materials 
in these deposits all constitute conditional resources. 
The distribution and extent of known low-grade or 
unevaluated deposits suggest that such conditional 
resources are at least equal to the computed reserves 
or 14,000,000 tons Nb.O; and 70,000 tons Ta.O,. 


UNDISCOVERED RESOURCES 


Undiscovered resources no doubt occur as blind 
ore bodies in known carbonatites or as ore bodies in 
undiscovered carbonatites in known carbonatite 
provinces. These hypothetical resources will con- 
tinue to be discovered through continuing geologic 
and exploration activities and constitute probably 
several times the amount of currently known 
resources. 

Some undiscovered resources termed speculative 
resources might lie in undiscovered carbonatite 
provinces or in new geochemical and geologic en- 
vironments for these elements. For example, until 
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the post-World War II era, commercial niobium 
deposits were considered to be restricted to peg- 
matites and related placers; the discovery of low- 
grade large-tonnage carbonatite-pyrochlore deposits, 
however, changed the whole resource picture for 
niobium. 

One might speculate that such a low-grade large- 
tonnage type of source lies undiscovered for tanta- 
lum and that additional new types of sources exist 
for niobium. Conceivably, unknown fossil placers 
exist that are large low-grade resources. Discoveries 
of such resources will depend on future scientific 
and technological advancements in exploration and 
geologic knowledge in order to discover the deposits 
that lie beneath great areas of volcanics, younger 
sedimentary rocks, and unconsolidated materials. 


PROSPECTING TECHNIQUES 


Inasmuch as alkalic-rock complexes and associ- 
ated carbonatites at the present time are the chief 
targets for large low-grade niobium deposits, their 
recognition is the first step in exploration. Recogni- 
tion has been made in the process of geologic map- 
ping, through aerial observation and photography, 
and through geophysical surveying. The common 
circular plan and concentric arrangement of rocks 
constituting alkalic complexes can be distinguished 
and rock types can be identified by the usual 
geologic-mapping techniques, and these discordant 
structures are sometimes evident on aerial photo- 
graphs in areas of surface exposure. 

Where these structures are covered with overbur- 
den or younger rocks, their magnetite content can 
be a factor in their detection. Both airborne and 
ground magnetic surveys have been employed to 
successfully detect magnetic anomalies, some of 
which have been shown to be caused by carbonatite 
niobium deposits. The natural association of nio- 
bium with uranium and thorium makes radiation 
detectors a useful exploration tool. Many occurrences 
of niobium have been found with the aid of these 
detectors, and new improved airborne radiometric 
detectors have great potential for prospecting. Seis- 
mic surveying and gravity measuring techniques 
have proved useful where information on depth of 
overburden or information on differences in rock 
densities was desired. Future prospecting methods 
no doubt will employ combinations of these tech- 
niques, both airborne and on the surface, to outline 
the basic targets for exploration. 

Once the target is identified, it must be evaluated 
by conventional exploration procedures. Niobium 
and tantalum minerals are not easily identified, and 
niobium and tantalum are not easily detected with- 
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out special means because of their insolubility in 
most solutions and their refractory nature. Quali- 
tative and quantitative chemical determinative pro- 
cedures have been developed for niobium and have 
been used in the field. Such chemical procedures 
have not been satisfactorily developed to conven- 
iently detect tantalum. The capacity to analyze large 
numbers of samples at the site has been demon- 
strated by Grimes and Marranzino (1968), utilizing 
truck-mounted spectrographic equipment, and this 
method has been effective for rapid determination 
of niobium. Similar rapid analyses for both niobium 
and tantalum can be accomplished in the laboratory 
by X-ray fluorescence spectroscopy. 


PROBLEMS FOR RESEARCH 

One of the basic problems relating to niobium and 
tantalum is the lack of domestic selfsufficiency in 
resources of these elements in the United States. 
The United States is the world’s largest single con- 
sumer, but these commodities are almost entirely 
imported. On a worldwide basis, supplies of niobium 
are more than adequate for projected needs to the 
year 2000 (Griffith, 1970) with chief sources in 
Brazil, Canada, and the African continent. 

Tantalum resources also are very limited in the 
United States, and ores are wholly imported from 
Brazil, Canada, and certain African countries. Even 
on a worldwide basis, the known resources of tanta- 
lum are not large, and this fact has served to limit 
industrial use of the metal and to discourage re- 
search on new applications. Pegmatites and placers 
are the only known commercial sources of this metal, 
and low-grade large-tonnage commercial deposits 
have yet to be discovered. 

Geologic research is needed to explore the possi- 
bilities of the existence of additional types of tanta- 
lum deposits. Such research has been hampered in 
the past by the lack of accurate abundance and ana- 
lytical data on tantalum that in turn is a result of 
the lack of availability of sufficientiy sensitive 
analytical techniques. Only neutron-activation analy- 
sis and elaborate chemical analysis currently are 
capable of detecting tantalum at the low values at 
which it is present in ordinary rocks. Research in 
new analytical techniques should receive first prior- 
ity in any research effort directed toward discovery 
of additional resources of tantalum. 
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INTRODUCTION 


By WARREN I. FINCH 

The increasing demand for energy throughout the 
world and the decreasing resources of organic fuels 
place the nuclear fuels, uranium and thorium, in the 
spotlight of future energy sources. Technologically, 
uranium’s role is well established, but thorium’s 
future use as a fuel is less certain. 

Thorium is about three times more abundant in 
the earth’s crust than uranium. In igneous rocks the 
two elements are closely associated with each other; 
in the sedimentary cycle, however, they mostly part 
ways. The primary thorium minerals are resistant 
to oxidation, and weather out to form economically 
important placers. Thorium does not tend to enter 
the regimen of ground and meteoric water, rarely 
forms secondary minerals, and thus occurs in far 
fewer geologic environments than uranium. The 
primary uranium minerals, except those in which 
uranium substitutes for thorium, are easily oxidized. 
The most important placer concentrations of primary 
uranium minerals are those that are believed to have 
formed under nearly oxygen-free reducing atmos- 
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pheric conditions in early Precambrian time. Uran- 
ium is very mobile in ground and meteoric water 
systems and reconstitutes into deposits in many 
kinds of rocks and environments. Uranium forms a 
great variety of minerals, many of which form rich 
concentrations, of higher grade than thorium, that 
are economically attractive. The ultimate resource 
of thorium, however, is greater than that of 
uranium. 


URANIUM 


By WARREN I. FINCH, ARTHUR P. BUTLER, JR., 
FRANK C. ARMSTRONG, and ALBERT E. WEISSENBORN 


ABSTRACT OF CONCLUSIONS 


Uranium is an important energy resource, and even though 
the demand for its use in nuclear-powered electrical genera- 
tors was only moderate in 1972, near-future needs are ex- 
pected to be very great. In the United States, large exploit- 
able deposits are found chiefly in sandstone and associated 
rocks. In other parts of the world, large deposits are mainly 
in quartz-pebble conglomerate of early Precambrian age and 
in veins. Domestic resources recoverable at present prices 
totaled about 273,000 tons of U;O, at the end of 1971, and the 
total for all countries reporting resources is about 1.6 mil- 
lion tons of U;0;. These supplies are sufficient to last into 
the 1980’s. Needs beyond 1980 are so great that tremendous 
efforts in exploration, and research in ore-finding tech- 
niques, will be required to discover new recoverable re- 
sources. Identified low-grade paramarginal and submarginal 
resources in marine phosphorite and black shales and in 
igneous rocks are very large, but to obtain significant sup- 
plies of uranium from these sources would require mining 
and treating vast quantities of rock, disrupting large areas 
of ground at high unit costs. 


INTRODUCTION 


Uranium is a silvery white metal that consists of 
the three semistable radioactive isotopes U2**, U2*, 
and U?*+. It is an important energy source because 
fission of isotope U?*> releases large amounts of 
energy. This readily fissionable nuclide constitutes 
only about 0.7 percent of natural uranium. The iso- 
tope U?** makes up most of the remaining 99.3 per- 
cent and the third, U?**, only about 0.005 percent. 
U8 is not readily fissionable, but it is fertile ma- 
terial that under neutron bombardment converts to 
plutonium-239, which is fissionable. 

Prior to 1942, uranium was used chiefly for color- 
ing glass and ceramic glazes. An ample supply was 
obtained by recovering some uranium from ores 
mined at first for radium and later for vanadium. 
In 1942, controlled nuclear fission was demonstrated, 
and uranium had two new and vastly more important 
uses: as an explosive by the military and as a source 
of heat to produce steam for generating electricity. 
With continued development of nuclear reactors to 
generate electricity, uranium is destined to become 
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one of the principal energy sources for the world, 
for even “in today’s light water reactors without 
plutonium recycle, in which less than one percent of 
the total potential heat content is made available, 
a pound of U,O; produces the heat equivalent of 
about eight tons of coal” (Johnson, 1972). 

Military uses for explosives stimulated search for 
uranium that by 1956 yielded a surplus of that ele- 
ment. In the 1960’s, nuclear reactors for generating 
electricity were developed from the experimental 
stage to the commercial stage. By December 1971, 
domestic nuclear-powered electric plant capacity was 
about 10 million kw (kilowatts) (nearly 3 percent 
of the total U.S. electric utility capacity of 357 
million kw); about 45.8 million kw capacity was 
being built, and about 51.6 million kw was ordered 
(U.S. Atomic Energy Commission, 1972a). The do- 
mestic electric power need is growing at a rate of 
7-8 percent per year, and the nuclear share is ex- 
pected to grow at a faster and increasing rate, so 
it is predicted that in the year 2000 nuclear plants 
will provide about 60 percent of the total electrical 
power (U.S. Department Interior, 1972). 

Although the demand for electricity generated by 
nuclear energy is expected to increase significantly 
for many years, technological developments may 
ultimately permit a decrease in the amount of ura- 
nium required to generate the needed electricity. If 
fast-breeder reactors are developed by the mid- 
1980’s, annual domestic uranium requirements are 
expected to peak about 1990 at about 100,000 short 
tons of U;0;, about 10 times the 1972 requirement 
(solid line, fig. 54), after which they will decline 
gradually to about the same level as in 1972 as the 
currently used nonbreeder reactors are phased out 
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owing to obsolescence. If, on the other hand, fast- 
breeder reactors are not successfully developed, ura- 
nium requirements will continue to increase, as 
shown by the dashed line on figure 54. 

The identified domestic recoverable resources of 
273,000 short tons U;0; as of December 31, 1971, 
can supply domestic requirements into the early 
1980’s. After that time, uranium requirements prob- 
ably cannot be satisfied merely by finding new ore 
bodies in the known mining districts, but will require 
the discovery of new districts. This task poses a 
great challenge to industry. Guides to new districts 
are urgently needed. 

The world nuclear electric capacity was about 
18,000 MWE (megawatts electrical) in January 
1969 and is expected to grow to between 230,000 and 
330,000 MWE by 1980, according to the European 
Nuclear Energy Agency and International Atomic 
Energy Agency (1969, p. 19). Total cumulative 
world uranium demand for the period 1970-80 is 
estimated at 563,000—-739,000 short tons of U;0O., 
and world demand of 73,000-106,000 short tons is 
anticipated in 1980. 

Thermal and nuclide pollution from nuclear reac- 
tors are serious problems that challenge technical 
ingenuity and affect the cost of nuclear electric 
power. The half-lives of some nuclides require safe 
disposal or storage for 10,000-500,000 years. 


EXPLOITATION 


Uranium was discovered in 1789 by Marten Klap- 
roth in pitchblende from a mine in Germany. The 
element was first isolated in 1842. Radioactivity was 
discovered in 1896, and radium, a daughter of ura- 
nium decay, was discovered by the Curies and Be- 
mont in 1898 in pitchblende from Joachymov 
(Joachimsthal), Czechoslovakia, where the mineral 
had been known since 1727. In the early 1900’s, 
radium became important in medical therapy. This 
led to the search for uranium ore as a source for 
radium. The first important sources of radium out- 
side Czechoslovakia were the uranium-vanadium 
sandstone deposits in western Colorado and eastern 
Utah from which about 275,000 tons of ore was 
produced during the period 1898-1923. This ore 
yielded about 200 grams of radium, 2,000 tons of 
vanadium, and a small but indeterminate amount of 
uranium; most of the uranium went into the tail- 
ings (Fischer, 1968). 

In 19238, the U.S. deposits were supplanted as the 
source of radium by the large and rich Shinkolobwe 
vein deposit in the Belgian Congo. In 19338, produc- 
tion began from another vein deposit, the Eldorado 
at Port Radium, Northwest Territories, Canada, and 
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thereafter the market was shared by Canada and 
the Belgian Congo. Only minor amounts of domestic 
uranium-vanadium sandstone ore were mined from 
1924-1935. 

In 1936, mining of the uranium-vanadium ores 
increased markedly owing to increased demand for 
vanadium. In anticipation of the development of 
controlled nuclear fission, the United States in 1940 
began to recover uranium from tailings discarded 
during radium and vanadium operations, and by the 
end of 1947 a total of 1,440 tons of U;,0; had been 
produced (U.S. Atomic Energy Commission, 1959). 
In addition, the United States procured about 10,150 
tons of U,0, from outside sources, mainly Canada 
and the Belgian Congo. Prior to 1940, the total pro- 
duction from all world sources was slightly more 
than 7,500 tons of U;Os. 

To meet military needs, the U.S. Atomic Energy 
Commission established in 1948 a domestic mini- 
mum price schedule that included bonus payments 
for discovery and production of high-grade ore. The 
base price was raised in 1951. These incentives 
brought about the first large-scale mining of 
uranium-vanadium ores solely for uranium, and led 
to the discovery of many large deposits not only in 
the Colorado Plateau region, but also in Washington, 
Wyoming, South Dakota, and Texas. By 1956 it was 
clear that the newly discovered domestic and foreign 
resources of uranium were adequate for military 
needs as well as for its experimental use in nuclear 
reactors for producing electricity. Accordingly, the 
U.S. Atomic Energy Commission announced in 1956 
that after March 31, 1962, a price of $8 per pound 
for U.0, concentrate would replace the original price 
schedules. Later they announced that ore discovered 
after November 24, 1958, would not be purchased 
under any of the existing price schedules, and that 
if it were purchased at all, each sale would be 
individually negotiated. In 1959, the U.S. Atomic 
Energy Commission relinquished its options to con- 
tinue foreign purchases and in 1962, proposed to 
stretch out domestic purchases. 

Annual domestic production reached a maximum 
of 18,800 tons of U.O; in 1960, whereas world pro- 
duction peaked at more than 44,000 tons in 1959 
(fig. 55). Both domestic and world production de- 
clined to lows of about 10,000 and 19,000 tons, re- 
spectively, in 1966. In 1964 and 1965 actual demands 
and predicted future demands for nuclear power- 
plants stimulated new exploration and mining, which 
resulted in increased production in 1967. This reju- 
venation was short-lived, however, because predicted 
demands did not materialize, owing partly to delay 
of reactor deliveries and partly to public concern 
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over safety and pollution hazards, and production 
leveled off in 1970 and 1971. Recently, concern over 
dwindling domestic oil and gas resources has in- 
creased new orders for nuclear reactors, and de- 
mand for uranium is expected to increase for many 
years. 

Domestic production in the period 1948-71 totaled 
229,918 short tons of U;O;, and reported world pro- 
duction, about 493,000 tons. 

The chief source of domestic production was sand- 
stone ores from the Colorado Plateau, Wyoming 
basins, and the Texas Coastal Plain; only about 5 
percent came from vein and other deposits, mainly 
in Washington and Colorado. Small byproduct 
amounts came from copper leach solutions and from 
the processing of marine phosphorite to produce 
treble super phosphate (Bieniewski and others, 1971, 
p. 9). The phosphorite processing is significant be- 
cause of the large resource in marine phosphorites. 
Outside the United States, sandstone ores are not 
an important source of uranium. Vein deposits are 
the chief uranium sources in Australia, the Congo, 
and France; Precambrian quartz-pebble conglom- 
erates contain very large uranium reserves in South 
Africa and Canada. 

Environmental problems in exploiting uranium 
deposits are those common to all milling, open-pit, 
and underground mining operations; an additional 
problem is the presence of radon gas in mines and 
tailings. Nuclear reactors produce plutonium, which 
is a hazardous material that requires very careful 
handling. They also produce radioactive wastes as 
well as large amounts of waste heat that require 
careful disposal. Nuclear plants, however, do not 
pollute the atmosphere as do oil- gas- and coal- 
fueled generators. The radioactive pollution hazards 
of nuclear reactors are not of the continuous type, 
but rather those of accidental spillage, seepage, fire, 
and explosion. With proper safeguards, nuclear pow- 
erplants affect the environment less than fossil- 
fueled types. 


GEOLOGIC ENVIRONMENT 
GEOCHEMICAL CYCLE 


The uranium content of the crust of the earth is 
about 2 ppm (parts per million) and that of granitic 
rocks is about 4 ppm. Uranium originates in magmas 
where it is mostly in the tetravalent state. As 
magma crystallizes, the large size of the tetravalent 
uranium ion prevents it from entering the crystal 
lattices of common rock-forming minerals except as 
minor occlusions; instead part of it is deposited in 
an intergranular film on rock-forming minerals, 
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enters accessory minerals, or forms its own min- 
erals. The remaining uranium is concentrated in late 
magmatic differentiates, where some uranium forms 
its own minerals in pegmatites and veins. In veins, 
iron is commonly associated with uranium, and in 
some places copper, lead, zinc, molybdenum, and 
cobalt accompany uranium. 

The accessory uranium-bearing minerals of ig- 
neous rocks generally resist oxidation, and weather 
out to be washed into detrital sediments, or under 
special circumstances, to become concentrated in 
placers, some of which contain appreciable uranium. 
On the other hand, the uranium-bearing films that 
form on minerals in igneous rocks and the uranium 
minerals in pegmatites and veins oxidize readily, 
and water-soluble hexavalent uranium is released 
to surface and ground waters. As these waters cir- 
culate through sediment some uranium may be ab- 
sorbed by clay minerals and carbonaceous matter, 
and some is precipitated chemically or by evapora- 
tion. Reduction of hexavalent uranium to the tetra- 
valent state and its subsequent precipitation from 
ground water is the mechanism by which the ura- 
nium deposits in sandstones are thought to have 
been formed. Iron is universally precipitated with 
uranium in this part of its geochemical cycle, and in 
some places copper, molybdenum, selenium, and chro- 
mium are similarly precipitated. Uranium-bearing 
waters also escape to the ocean where uranium may 
be precipitated with phosphatic sediments, taken up 
by organisms, or absorbed by carbonaceous mud. In 
the virtually oxygen-free atmosphere of early Pre- 
cambrian time, it is postulated that uraninite from 
pegmatites and veins did not oxidize but rather 
formed placer concentrations, commonly with gold 
and thorium-bearing minerals. 


MINERALOGY 

Uranium in unoxidized black ores is tetravalent 
and in most such deposits it occurs in the minerals 
uraninite (UO.) and coffinite [U(Si0,),—.(OH) 42] 
with pyrite as a common gangue mineral. The mul- 
tiple oxides brannerite (oxide of uranium, titanium, 
thorium, rare earths, and other elements) and david- 
ite (oxide of titanium, iron, and uranium) are the 
main uranium minerals in a few unoxidized ores. 
Tetravalent uranium substitutes for thorium and 
other elements in minerals such as monazite, ura- 
nothorite, multiple oxides of niobium, and tantalum, 
and for calcium in carbonate fluorapatite. It also oc- 
curs in unidentified organic compounds in many coaly 
rocks and marine black shales. 

Under oxidizing conditions tetravalent uranium 
changes to hexavalent uranium and forms oxide, 
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vanadate, arsenate, silicate, sulfate, and carbonate 
compounds, most of which are hydrous and many of 
which are bright yellow or green. The vanadates, 
carnotite and tyuyamunite, are the most common 
and abundant. 


TYPES OF DEPOSITS 


Although anomalous uranium concentrations are 
widespread, concentrations of uranium that make 
minable deposits, ranging from about 400 to 2,500 
times crustal abundance, are not common. Most 
identified resources are in a few kinds of rocks and 
geologic environments. The principal domestic re- 
coverable resources occur as peneconcordant masses 
in continental and marginal marine sandstone and 
associated rocks. A small part is in coaly rocks and 
nonmarine limestone. Less than 2 percent of domes- 
tic resources occur in veins. Identified paramarginal 
and submarginal resources are chiefly in marine 
phosphorite and black shale and in igneous rocks. 
Some major foreign resources are in Precambrian 
quartz-pebble conglomerate. 


PENECONCORDANT DEPOSITS 


Peneconcordant deposits are widely distributed in 
the United States; they are especially numerous in 
some western States (Butler and others, 1962). 
Typically these deposits occur in sandstone lenses 
that are interbedded with mudstone. These strata 
accumulated under fluvial, lacustrine, and near- 
shore marine conditions in cratonic or marginal cra- 
tonic environments. Most of the host sandstone beds 
are quartzose and were derived from older sedi- 
mentary rocks; some, however, are arkosic and were 
derived mainly from granitic rocks. Volcanic ash is 
present in some of the host sandstone beds and is 
common in overlying and interbedded mudstone. 
Nearly all of the host sandstone beds contain car- 
bonized plant matter or organic residues. The host 
beds range in age from late Paleozoic to Tertiary, 
but in any given area all or nearly all of the deposits 
are in one or a few favored stratigraphic units. 

Uraninite and coffinite are the primary uranium 
ore minerals ; carnotite and other secondary minerals 
are ore minerals in some deposits. The ore minerals 
mainly occupy the pore spaces of the sandstone, but 
in places they replace the sand grains or the car- 
bonized plant fossils. The average grade of the ore 
mined ranged from about 0.15 to 0.30 percent U;0;; 
0.08 percent U;0; is a common grade cutoff for min- 
ing and little material below 0.08 percent is mined. 
Ore bodies range in size from small masses contain- 
ing a few tons of ore to those containing more than 
10 million tons. They occur in two distinct geometric 
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forms: tabular bodies that are nearly concordant 
with the gross sedimentary structures of the host 
sandstone and roll bodies that are crescent-shaped 
and discordant to bedding in cross section and 
elongate in plan, with their long axes nearly con- 
cordant to bedding. The tabular deposits are discrete 
masses and tend to be clustered in favorable areas a 
few miles across; they are enclosed in reduced sand- 
stone. The roll deposits are scattered along crescent- 
shaped interfaces between oxidized sandstone on the 
concave sides and reduced sandstone on the convex 
sides; in a given mining district an interface may 
extend for several miles and localize several ore 
bodies. Large deposits representative of the tabular 
type occur in the San Juan Basin, N. Mex. (Hilpert, 
1969) and the Uravan mineral belt, Colorado (Mo- 
tica, 1968) ; deposits representative of the roll type 
occur in the Shirley Basin, Wyo. (Harshman, 1968) 
and the Texas Coastal Plain (Eargle and others, 
1971). 

Many hypotheses have been proposed for the gene- 
sis of the deposits (Finch, 1967, table 8). Most 
geologists now think that the uranium was derived 
by leaching—either from volcanic glass within or 
overlying the host rock or from granitic terranes 
exposed along the margins of the sedimentary ba- 
sins. Uranium was transported in ground water in 
the hexavalent state and precipitated under reduc- 
ing conditions. Carbonaceous matter, H.S gas, and 
transient sulfite derived from oxidation of preore 
pyrite are materials that have been cited as reduc- 
tants that caused precipitation. Roll-type deposits 
apparently form at a dynamic interface between 
oxidizing and reducing conditions, that moves down 
the regional dip leaving altered (oxidized) host rock 
in its wake. In contrast, tabular deposits are wholly 
enclosed in reduced rock which in places may be 
completely surrounded by oxidized rock that is not 
in contact with ore. 


DEPOSITS IN QUARTZ-PEBBLE CONGLOMERATES 


Uranium-bearing Precambrian quartz-pebble con- 
glomerates were deposited under deltaic or fluvial 
conditions in shallow basins in cratonic or marginal 
cratonic environments more than 2.3 billion years 
ago. It is postulated that in the nearly oxygen-free 
reducing atmosphere of early Precambrian time, 
rounded and polished detrital grains of uraninite and 
pyrite accumulated with the more typical detrital 
placer minerals. Although locally the placer forms 
of some uraninite and pyrite grains were later modi- 
fied, both minerals are generally coextensive with 
conglomerate beds or coarse parts of conglomerates. 
The deposits are very large and extensive. In the 
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Blind River—Elliot Lake district, Canada, deposits 
containing uraninite and brannerite are 7-15 feet 
thick and from hundreds of feet to 2 miles across, 
and contain more than 5 million tons of ore. Min- 
able grade averages 0.12-0.16 percent U,;0;; gold 
values are 0.02—0.03 ounce per ton. The thorium- 
uranium ratio is 1:4 to 1:3 and some thorium has 
been recovered as a byproduct. In the Witwaters- 
rand, South Africa, the deposits are larger and more 
extensive than at Blind River—Elliot Lake, but their 
uranium content is lower, generally 0.03—0.07 per- 
cent U,0;. Uranium is produced mainly as a byprod- 
uct of gold mining and locally as a coproduct. Ore 
minerals are uraninite with minor amounts of bran- 
nerite. Thorium is not recovered because of the 
small amount in the ore. Possibly similar deposits of 
undetermined magnitude have recently been identi- 
fied in Precambrian rocks near Belo Horizonte, Bra- 
zil (L. A. Moura, Commissao Nacional de Energia 
Nuclear, Brazil, oral commun., 1972). 


VEIN DEPOSITS 


Uranium-bearing veins are fissure fillings in faults, 
joints, and fracture zones; they occur in many kinds 
of rocks ranging from Precambrian to Tertiary in 
age, and in diverse geologic settings. Ore occurs as 
tabular bodies, irregular stockworks, pipelike masses 
at fracture intersections, and in mineralized gouge 
and breccia. Chief types of alteration associated with 
uranium veins are sericitic, argillic, chloritic, and 
hematitic. Individual veins are a few inches to sev- 
eral feet wide and extend along strike and downdip 
as much as several hundred feet; these combine to 
form vein systems which extend as much as 1,300 
feet below the surface in the United States and 
5,000 feet in Canada and which contain 10 tons to 
millions of tons of ore. Average mined grade ranges 
from 0.10 to 1.0 percent U;0;. Deposits in which 
base-metal sulfides constitute appreciable to major 
amounts of the ore include the large deposits at 
Shinkolobwe, Zaire (formerly Belgian Congo) and 
at Port Radium, Northwest Territories, Canada, both 
now depleted; and the moderate-sized deposits at 
Joachymov, Czechoslovakia, and at the Schwartz- 
walder mine, Colorado (Walker and others, 1963). 
Pyrite is the only abundant sulfide in the very large 
deposits at Beaverlodge Saskatchewan, Canada. 
Fluorite is a characteristic component of the mod- 
erate-sized deposits at Marysvale, Utah. 

At Bancroft, Ontario, Canada, uraninite-thorite 
veins and irregular pods cut and replace bodies of 
unzoned granitic pegmatite and form fairly large 
deposits (Robinson and Hewitt, 1958). They contain 
an average of about 0.1 percent U;O; and 0.025-0.2 
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percent ThO.. 

Veins are thought to have been deposited from 
hydrothermal solutions derived by differentiation of 
magmas. Uranium-bearing veins in the United States 
formed mainly during Late Cretaceous to late Ter- 
tiary time. 


OTHER EPIGENETIC DEPOSITS 


A few major epigenetic deposits do not fit into the 
preceding groups. The Midnite mine, Washington, is 
in Precambrian metasedimentary rocks along their 
contacts with Cretaceous granite. Individual ore 
bodies are as much as 200 feet wide, 700 feet long, 
and more than 150 feet thick. The average mined 
grade is about 0.23 percent U;0;. The deposit proba- 
bly was formed shortly after granitic intrusion, by 
hydrothermal solutions directed along favorable 
zones adjacent to the intrusive contact (Becraft and 
Weis, 1963). At the Ross Adams mine in south- 
eastern Alaska, numerous uraninite- and thorium- 
bearing veinlets cut peralkaline granite in which 
abundant uranothorite and uranoan thorianite occur 
as late crystallizing accessory minerals (MacKeveit, 
1963). This deposit has yielded about 70,000 tons of 
ore that averaged more than 0.60 percent U;O;. Al- 
though the uranium-thorium ratio is about 1:1, 
thorium has not been recovered. 

Deposits in this miscellaneous group in foreign 
areas include: (1) A several-million-ton irregular 
pipelike body of uraninite and uranophane dissemi- 
nated in brecciated syenitic rock at the Gunnar mine, 
Beaverlodge area, Saskatchewan, Canada, (2) a sub- 
horizontal, irregular, tabular body of mineralized 
metamorphic rock at Rabbit Lake, Saskatchewan 
(H. W. Little, Geol. Survey of Canada, oral commun., 
1972), and (3) probably the Nabarlek, Jim Jim, and 
Ranger deposits in older Precambrian rocks discov- 
ered recently in the Northern Territory, Australia. 


URANIFEROUS IGNEOUS ROCKS 


In the United States, only small amounts of urani- 
um have been mined from pegmatites, most of which 
are the zoned type. 

Aside from pegmatites, a few igneous rock bodies 
contain anomalous concentrations of uranium as an 
indigenous constituent. The biotite phase of the Con- 
way Granite of Triassic or Jurassic age in central 
New Hampshire contains an average of 0.0015 per- 
cent U;O; over a 300-square-mile area. It also con- 
tains about 0.0064 percent ThO,. (See under Thori- 
um in this chapter. ) 

Bodies of a variety of uraniferous igneous rocks 
in other countries are mostly smaller but richer in 
uranium than the Conway granite. They include 
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pyrochlore-bearing alkalic rocks at Araxa, Brazil, 
and in Ontario, Canada (Rowe, 1958) ; sodalite foy- 
aite and nepheline syenite near Julianehaab, Green- 
land (Bondam and So6rensen, 1958); riebeckite 
granite in Nigeria; and alaskitic rock near Rossing, 
South West Africa. 


URANIFEROUS PHOSPHATIC ROCKS 


Most phosphatic rocks are uraniferous and their 
uranium content generally increases with the phos- 
phate content. Marine phosphorite is the dominant 
source of phosphate and constitutes a very large 
resource of uranium. In such rocks, geosynclinal 
facies tend to be more uraniferous than platform 
facies. Uraniferous marine phosphorite deposits, 
commonly 5-10 feet thick, underlie hundreds of 
square miles, and their uranium content generally 
ranges from 0.007 to 0.07 percent U;0;. Phosphorite 
beds in the Phosphoria Formation of Permian age 
underlie 185,000 square miles of Idaho, Montana, 
Utah, and Wyoming (McKelvey and Carswell, 1956). 
Their uranium content ranges from 0.001 to 0.075 
percent U;0;, but beds more than 3 feet thick and 
with more than 31 percent P.O; generally average 
0.012—0.024 percent U;0;. Prosphorite in the Bone 
Valley Formation of Pliocene age in the land-pebble 
phosphate field in Florida ranges in thickness from 
6 to 7 feet over several hundred square miles and 
averages 0.012—0.024 percent U;0; and 20-30 per- 
cent P.O; (Altschuler and others, 1956). Uranium 
in marine phosphorite deposits was probably de- 
posited from sea water during sedimentation, or in 
some places possibly later by downward percolating 
ground water. 

Large portions of extensive deposits of marine 
phosphorite in countries along the Mediterranean 
Sea from Morocco to Israel contain at least 0.01 per- 
cent U;0; (Davidson and Atkin, 1953). Near Recife, 
Brazil, deposits of phosphorite somewhat like those 
in Florida yield phosphate products that contain 0.02 
percent U;0;. Phosphorite that fills large depressions 
formed by solution of dolomite in Central African 
Republic are also uncommonly rich in uranium 
(Mabile, 1968). Deposits of aluminum phosphate in 
Senegal and Nigeria are also uraniferous. Marine 
phosphorite of Cambrian age in the Kara-Tau Moun- 
tains, Kazakhstan, U.S.S.R., resemble the Phos- 
phoria Formation and are probably uraniferous. 


URANIFEROUS MARINE BLACK SHALES 


Many marine black shales rich in organic matter 
contain minor amounts of uranium that was de- 
posited under anaerobic conditions with the organic 
fraction of the shale during sedimentation in shal- 
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low epicontinental seas. Most of the identified domes- 
tic black shale resources are in the upper member of 
the Chattanooga Shale of Late Devonian and Early 
Mississippian age in central Tennessee and adjacent 
Kentucky and Alabama (Swanson, 1961). This mem- 
ber is 12-18 feet thick over an area of about 4,000 
square miles, and averages about 0.007 percent U;0O;. 
Moreover, the Chattanooga and its correlatives 
underlie about 800,000 square miles extending from 
eastern Tennessee to Texas and Montana; its urani- 
um-bearing strata average about 40 feet in thickness 
and about 0.0035 percent U,;O; in grade. In Sweden, 
black shale of Late Cambrian and Ordovician age, 
which is 9-18 feet thick, is unusually rich in ura- 
nium and averages about 0.03 percent U;0,; (Svenke, 
1956). Radioactive shale of the same age in the 
U.S.S.R. near the Baltic Sea may not be as rich as 
that in Sweden, but no modern determinations of its 
uranium content have been announced. 


RESOURCES 
IDENTIFIED AND HYPOTHETICAL RESOURCES 


Both identified and hypothetical uranium re- 
sources can be divided into three subclasses: (1) 
recoverable resources, those that can be extracted 
profitably under 1972 economic conditions, (2) para- 
marginal resources, here defined as those that might 
be extracted profitably with a 50-percent to 5-fold 
increase in the price of U;O;, and (3) submarginal 
resources, those that require more than a 5-fold price 
increase. Nearly all of the domestic recoverable re- 
sources can be produced as a sole or principal prod- 
uct of mining operations, but they represent only a 
small fraction of the total identified resources. Most 
of the much larger paramarginal and submarginal 
resources are not likely to become major sources of 
uranium in the near future—either because the tech- 
nology of extraction is costly or unsolved, because 
limits on land use might restrict mining large vol- 
umes of material, or because the most nearly eco- 
nomically recoverable uranium can be obtained only 
as a byproduct. 


RECOVERABLE RESOURCES 


The identified recoverable resources in the United 
States totaled 273,000 tons of U;0;, as of December 
31, 1971 (table 93) and are in rock averaging about 
0.22 percent U;0O, (4 lb. U;O; per ton). Of this total, 
more than 99 percent—270,800 tons—is in penecon- 
cordant deposits in sandstone and related rocks, and 
the remaining 2,200 tons is in veins and other types 
of deposits. About 50 percent of these resources is in 
northwestern New Mexico, about 35 percent in Wy- 
oming, about 5 percent in Texas, about 3 percent 
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TABLE 93.—Identified uranium resources in the United States and other countries that have reported resources 


[Identified resources are specific, identified mineral deposits that may or may not be evaluated as to extent and grade, and whose contained min- 
erals may or may not be profitably recoverable with existing technology and economic conditions] 


Locality 


United States: western States ___---------_--__-_--__---- 
Canada: 
Blind River-Elliot Lake, Wollaston Lake, Bancroft, 
Beaverlodge. 
TOUGH lbp aes a a a eee 
Mexico: Chihuahua (Aldama) and other States __________ 


Ar rentinas Salta Mengdozawe see ee ee ee eee 


France: Vendée, Limousin, Forez, Morvan __-_--__-_--___-_ 
Portugal: Viseu (Urgeirica), Nisa, Guarda _______________ 


Spain: Ciudad Rodrigo (Salamanca), Andujar __-__-_____- 


Sweden: Vastergétland (Billingen), Narke _______________ 


Other Europe: West Germany, Italy, Turkey, Yugoslavia __ Vein, peneconcord- 


Central Africa Republic: Bakouma -_-_-_-__-__-__________ 


Gabon: Mounana (Franceville), Mikouloungou ___________ 


INT Per AI ita Aaa = Se ee Se 5 Sh ee 


WAzelick=# Madaouelays=< 2-02-25. = S052 ant 2 
South Africa, South West Africa: Witwatersrand, Réssing__ 


Australia: Mary Kathleen, Alligator Rivers area (Nabarlek, Vein and other 


Jim Jim, Ranger), Frome Lake. 
ICIS VEIN OR, MIEN Sa Se erase ees SSeS 


Japan eNingyo= loge. 2222 tees ee eee 


each in Colorado and Utah, and the rest in a few 
other Western States. 

These identified recoverable resources, plus sev- 
eral thousand tons of U;0,; that might be recovered 
each year as a minor byproduct from phosphate rock 
and some copper ores, are adequate to satisfy esti- 
mated domestic requirements to the early 1980’s, 
and most of these resources will be mined by that 
time. 


Grade Short 
Type of deposit (percent tons Source of data 
U30s) U30s 

Peneconcordant in 0.22 273,000 U.S. Atomie Energy 

sandstone, vein. Comm. (1972b). 

Precambrian con- >.10 230,000 Sherman (1972). 

glomerate, veins, 
and other types. 

Precambrian con- <.10 130,000 Sherman (1972). 

glomerate. 

Peneconcordant in >.10 2,380 Sherman (1970). 

sandstone, vein. 

Sandstone. >.10 9,000 European Nuclear 
Energy Agency 
and International 
Atomic Energy 
Agency (1969). 

BPE Oe a >.10 66,400 Sherman (1972). 

Seed ome es soe se >.10 9,500 European Nuclear 
Energy Agency 
and International 
Atomic Energy 
Agency (1969). 

2S 6) >.10 11,000 European Nuclear 
Energy Agency 
and International 
Atomic Energy 
Agency (1969). 

Marine black shale. .03 850,000 Sherman (1972). 

>.10 6,500 European Nuclear 
ant in sandstone. Energy Agency 
and International 
Atomic Energy 
Agency (1969). 
Phosphatic-filling ~.10 19,500 Sherman (1972). 
karst in Pre- 
cambrian dolo- 
mnite. 
Structural con- 
trolled dissemina- >.10 19,500 Sherman (1972). 
tion in Precam- 
brian sandstone. 

Peneconcordant in .29 26,000 Sherman (1972). 

sandstone. 

Ope sae >.10 13,100 Sherman (1969). 

Precambrian con- <.10 300,000 Sherman (1972). 

glomerate, 
igneous rock. 

>.10 100,000 Sherman (1971). 
types. 

Vein. .06—.07 36,000 Mining Journal 
(1971). 

Peneconcordant(?) .06 4,000 European Nuclear 

in Miocene and Energy Agency 
Pliocene con- (1965). 
conglomerate. 

aS | EVE RE eee Be DB N eh ees 1,605,880 


Recoverable uranium resources outside the United 
States listed in table 93 are largely in Precambrian 
conglomerate and in vein and related types. Most of 
these deposits average more than 0.10 percent U;0; 
and may be mined for their uranium content alone. 
Sweden recovers uranium from black shale deposits 
having an uncommonly high grade for black shale of 
0.03 percent U;O; (table 93). In the Witwatersrand, 
South Africa, uranium is a byproduct or coproduct 
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of gold mining. Part of the African resources are 
probably paramarginal because of their remote 
location. 

The total identified recoverable uranium re- 
sources of countries listed in table 93 is about 1.6 
million tons of U;0;, which is enough to supply the 
estimated world demand until the late 1980's. 

Uranium resources in the U.S.S.R., China, and 
some other Asiatic and eastern European nations 
not listed in table 93 occur in deposits similar to 
those found in North America. Data on identified 
resources for these areas are not available. It is 
known, however, that in the U.S.S.R., peneconcor- 
dant uranium deposits occur in unspecified localities, 
and uranium-bearing veins occur in the Ukrainian 
region and elsewhere. 

Domestic hypothetical recoverable resources are 
estimated to total about twice the identified recover- 
able resources, or about 500,000 tons. If these re- 
sources are found by continued exploration and are 
mined, as expected, they will satisfy the estimated 
domestic requirements only until the early 1990’s. 
After that, the domestic requirements, which will 
gradually decrease if the fast-breeder reactors are 
developed or will continue to increase if they are not, 
will have to be satisfied by importing much of the 
uranium needed or by mining much lower grade 
uranium resources at a high unit cost. 


CONDITIONAL RESOURCES 


Peneconcordant sandstone deposits and vein de- 
posits contain about 200,000 tons of U;0O, classified 
as identified paramarginal resources. These re- 
sources, which are too lean to be mined at present 
prices, are mostly adjacent to minable ore bodies 
where they would be bypassed in mining, and sub- 
ordinately in separate deposits. The material ad- 
jacent to minable ore bodies would be very costly to 
recover by conventional mining methods after mine 
openings are abandoned and caved; perhaps, how- 
ever, techniques of solution mining can be developed 
to recover some of this uranium at moderate cost. 
Alternately, a scheme to subsidize the extraction and 
stockpiling of the low-grade material that is being 
bypassed in current mining operations might be jus- 
tifiable to conserve a resource that will be much 
needed in the future. 

Other conditional resources consist of small 
amounts of uranium concentrated in certain types of 
rocks that are moderately abundant, and although 
the amount of uranium in a single ton of these rocks 
is small, the total amount of uranium contained in 
them is indeed large. The uranium in such rocks 
should be considered in appraising uranium re- 
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sources, provided some of the factors limiting its 
availability are appreciated. These factors are chiefly 
price, technology, and byproduct status. 

Where the amount of uranium per ton of rock is 
small, the recovered U;O; is necessarily expensive. 
Such high-cost uranium must compete with possible 
substitutes, including less expensive uranium from 
domestic or foreign sources, thorium, and fossil 
fuels. The abundance of coal, gas, and oil as alternate 
fuels for the generation of electricity in the short 
term and the possible increase in use of thorium in 
nuclear reactors (see “Thorium’’) will effectively 
limit the price that will be paid for uranium. Conse- 
quently many domestic low-grade uranium deposits 
will not be a source of uranium in abundance for 
many decades to come. 

Whether much of the uranium in low-grade de- 
posits becomes an available resource depends heavily 
on developments in metallurgical and other tech- 
nology. For some types of deposits the technology of 
recovery has not yet been developed; from others 
the uranium can be recovered but only at consider- 
able expense. The development of new recovery 
methods and the improvement in the efficiency of 
others will determine how soon and how much of the 
low-grade deposits become an available resource. 

The supply of uranium recovered as a byproduct 
in the production of another commodity is deter- 
mined by the amount of the prime commodity pro- 
duced. It can be increased only as the markets for 
the prime commodity expand. 

Factors such as the foregoing, which limit avail- 
ability of conditional resources, must be borne in 
mind in connection with the ensuing discussion of 
the large low-grade uranium resources in the United 
States. 

Marine phosphorites in the United States contain 
large uranium resources. The Phosphoria Forma- 
tion in Idaho and adjacent States is estimated to 
contain identified paramarginal resources of about 
700,000 short tons of U,0, in rock with an average 
grade of not less than 0.012 percent U;O0; (0.24 lb 
U,0; per ton) and not less than 31 percent P.O; (V. 
E. McKelvey, written commun., 1951). Identified 
paramarginal resources in the Bone Valley Forma- 
tion in Florida are estimated to be about 300,000 
short tons of U;O; in phosphate rock products of 
about the same grade as in the Phosphoria (Alt- 
schuler and others, 1956; J. B. Cathcart, written 
commun., 1951). Additional marine phosphorites in 
Idaho and North Carolina are estimated to contain 
identified submarginal resources of about 5 million 
short tons of U,0, in rock whose grade ranges from 
about 0.006 to about 0.012 percent U,;0O,; (0.12—0.24 
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lb U;O; per ton) (V. E. McKelvey, written commun., 
1951; J. B. Cathcart, written commun., 1965). 
Domestic hypothetical paramarginal uranium re- 
sources in marine phosphorite are estimated at about 
250,000 short tons of U;0;, and submarginal, about 
1 million short tons, both mostly in western States. 
A very small amount of the total resources in phos- 
phorite can be obtained at moderate cost as a by- 
product of making fertilizer, but to obtain more 
uranium would require mining and treating this 
rock principally for uranium; unit costs would be 
high and vast quantities of rock would have to be 
moved to obtain a significant amount of uranium. 

Phosphorite deposits are being mined for phos- 
phate but their contained uranium is not being re- 
covered. Uranium in rock that is used to make ele- 
mental phosphorus by the electric furnace method 
goes mostly into the silicate slag. A process for re- 
covering uranium from the slag has not been de- 
veloped. Most of the uranium in phosphorite that is 
used to make fertilizer by the wet-process phosphoric 
acid method stays in the fertilizer and is lost as a 
resource when the fertilizer is used. Marine phos- 
phorite from Florida was the source of about 500 
tons of U;O; recovered between 1953 and 1961 as a 
minor byproduct from phosphoric acid made by the 
wet-process method. Recovery was discontinued be- 
cause of costs uncompetitive with uranium from 
sandstone ores. Bieniewski, Persse, and Brauch 
(1971) estimated that, if Florida phosphate rock 
containing 0.012 percent U;0; were treated by the 
wet-process method at the expected rate of fertilizer 
production, about 85,000 tons of U;0, could be re- 
covered between 1971 and 2000 at a cost of slightly 
more than $10 per pound. 

Residues of copper smelting are also a potential 
source of byproduct uranium at about the same cost 
as that from phosphate rock. Bieniewski, Persse, and 
Brauch (1971) estimated that about 30,000 tons of 
U,0; could be recovered during the next 30 years by 
leaching residues containing 0.0001—0.0012 percent 
U;0;. Although byproduct uranium recovered in 
manufacturing fertilizer and from smelter residues 
would help to meet requirements, the amount that 
could be obtained most economically is limited by the 
production rate of the principal commodities. 

Marine black shales are a common rock, and they 
generally contain low concentrations of uranium. Of 
all the black shale beds of minable thickness that 
have been sampled in the United States, the Chatta- 
nooga Shale in eastern Tennessee contains the high- 
est concentration of uranium, but only 0.007 percent 
U;0; (0.14 Ib U;O; per ton). It represents a sub- 
marginal resource of about 7 million tons of U;0,, 
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but to obtain any significant part of this resource 
would require mining vast areas by open-cut and 
underground methods; unit costs would obviously be 
high. More than twice as much uranium is present 
in this formation in other parts of Tennessee and 
adjacent States, but at concentrations only about 
half that in eastern Tennessee. Even more uranium 
is present in the Chattanooga and its correlatives in 
the midcontinent where they are deeply buried, but 
the uranium content of these rocks is leaner, and less 
well defined, than it is in the more restricted areas. 

Most igneous rocks contain a little uranium, repre- 
senting the order of crustal abundance—0.0002— 
0.0004 percent U;0;—but some bodies of igneous 
rock are appreciably richer and thus might qualify 
as a potential resource. Of the igneous bodies that 
have been sampled in the United States, those of 
syenite and associated pegmatite in the Bearpaw 
Mountains, Mont., and the Conway Granite in New 
Hampshire are favorable examples. Those rocks in 
the Bearpaw Mountains are in relatively small 
bodies, but they average 0.05 percent U;O; (1 lb per 
ton), and are estimated to contain a paramarginal 
resource of about 12,500 tons U;0;. The Conway 
Granite is exposed over an area of about 300 square 
miles and contains 0.001—0.003 percent U;0,; (0.02- 
0.06 lb per ton). This body of granite to a depth of 
1,000 feet (representing almost 50 cubic miles of 
rock) is estimated to contain about 714 million short 
tons of U;0;. Hypothetical uranium resources in 
igneous rocks have not been estimated. 

If bodies of rock like the phosphate deposits, black 
shales, or igneous rocks are ever seriously consid- 
ered as possible sources of domestic uranium, it 
might be possible to develop recovery processes to 
extract other useful commodities along with urani- 
um, which might reduce to some extent the unit cost 
of the uranium recovered. Nevertheless, if signifi- 
cant quantities of uranium are sought from these 
sources, vast quantities of rock would have to be 
mined and treated, which would require much ener- 
gy and would temporarily disrupt large areas of 
ground. 

No attempt is made here to evaluate worldwide 
conditional uranium resources in phosphorites and 
black shales; they are known to be very large. 

Hypothetical resource figures are not available for 
most nations outside the United States. However, in 
view of the wide occurrence of deposits akin to those 
in North America, it is postulated that in areas of 
continental size the uranium resources bear the same 
relation to the size of the area as the uranium re- 
sources of North America bear to its area. 

Sea water contains 0.00015-0.0016 ppm uranium. 
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Although that is a low concentration, the total 
amount of uranium in sea water is very large (Euro- 
pean Nuclear Energy Agency, 1965). It seems rea- 
sonable to suppose that a small amount of byproduct 
uranium will be recovered in the near future from 
desalination plants or from plants recovering mag- 
nesium from sea water. 


SPECULATIVE RESOURCES 


Domestic speculative resources consist of (1) new 
districts containing types of uranium deposits found 
elsewhere in the United States, (2) types of deposits 
known only elsewhere in the world, and (8) new 
types of deposits. 

The margins and locally the axial parts of sedi- 
mentary basins, particularly those containing sedi- 
ments derived from either granitic terranes or vol- 
canic ash, are favorable targets in the search for 
new uranium districts. These basins may be either 
intermontane such as in Wyoming, or of the gulf 
type as exemplified by the coastal plain in Texas 
where shoreline-facies rocks contain major deposits. 
Although both of these basins are Tertiary in age, 
analogs in older rocks, especially Cretaceous, ought 
to be equally favorable. 

Unconformities related to paleokarst topography 
may be favorable sites for occurrence of large urani- 
um deposits. Two types of deposits are known in this 
setting. A large deposit of Cretaceous uranium- 
bearing phosphatic rock reportedly fills paleokarst 
developed in Precambrian dolomite in Bakouma, 
Central African Republic, and small deposits of 
tyuyamunite-bearing breccia occur in cavities re- 
lated to karst developed on the Madison Limestone 
in the Pryor Mountains, Mont. Exploration here and 
elsewhere in this environment may be fruitful. 

Ancient, 2.0-2.4 b.y. (billion years) old, Precam- 
brian quartz-pebble conglomerates analogous to 
those that contain the Witwatersrand and Blind 
River—Hlliot Lake uranium deposits do not crop out 
in the United States. This type of rock might be 
present, however, somewhere in the deep subsur- 
face of North and South Dakota and the east half of 
Montana, where, according to Goldich, Lidiak, 
Hedge, and Walthall (1966), the ancient continental 
crust was formed more than 2.5 b.y. ago. 

Theoretical considerations and the description of 
the Réssing deposit in South West Africa suggest 
that there may be “porphyry” uranium deposits 
similar to porphyry copper and molybdenum de- 
posits. Porphyry uranium deposits would be late 
magmatic differentiates—for example, alaskites and 
associated pegmatites—and would be easiest to 
recognize in arid or semiarid regions. 
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PROSPECTING TECHNIQUES 


Radiation counters are the commonest tools used 
in prospecting for uranium. They are of two main 
types: (1) Geiger counters, which are normally 
portable and are designed to count y radiation alone, 
and £ plus y radiation, and (2) scintillometers, 
which count only y radiation and which may be port- 
able, carborne, or airborne. Scintillometers are more 
sensitive and respond faster than Geiger counters. 
If uranium only is present and is in equilibrium with 
all the daughter products of its radioactive decay, 
both types of instruments may be calibrated to indi- 
cate uranium content. However, if the uranium is 
not in equilibrium, they may indicate either more or 
less uranium than is present. In places where urani- 
um has been leached but its daughter products re- 
main, it is possible to detect radiation where there is 
little or no uranium. Conversely, recently deposited 
uranium that is too young (less than 500,000 years 
old) to be in radioactive equilibrium, emits so little 
B and y radiation that a deposit may contain more 
uranium than is indicated by its B and y count. 
Standard Geiger counters and scintillometers cannot 
distinguish uranium from thorium, or from natural- 
ly occurring radioactive potassium-40. 

Radiation counters are also used in drill-hole ex- 
ploration. Only y radiation can be detected in drill 
holes because £ particles lack the energy to pass 
through the water which is usually in the hole or 
through the walls of the detecting instrument. Scin- 
tillometers are used to probe drill holes because of 
their greater sensitivity and faster response. Resis- 
tivity and spontaneous potential surveys of drill 
holes are also customarily run. These two geophysi- 
cal methods do not indicate uranium directly, but 
can be interpreted to distinguish sandstone from 
shale and to indicate relative porosity. The identifica- 
tion of shale at the site of a small y anomaly strong- 
ly suggests that the anomaly is caused by potassium- 
40 in the shale. 

Airborne radiometric surveys using the total count 
method have proved useful in prospecting for urani- 
um. In this method the scintillometer records total y 
radiation and does not discriminate between urani- 
um, thorium, and potassium-40 sources. Total count 
anomalies have to be ground checked to determine if 
uranium causes the anomaly. Airborne gamma-ray 
spectrometry, which has been developed in recent 
years, distinguishes between uranium, thorium, and 
potassium-40 by measuring y radiations at particu- 
lar energy levels. Thus, the strong y-emitting 
daughters of U?** and Th?2, Bi?** and T1?, respec- 
tively, are used to distinguish uranium and thorium; 


NUCLEAR FUELS 


the y spectrum of potassium-40 is used for potassi- 
um-40. 

Other direct methods that have been used in pros- 
pecting for uranium are water analyses and geo- 
chemical sampling of soil and colluvium. Anomalous- 
ly large amounts of uranium in water have led to the 
discovery of a few deposits, but in most places water 
analyses have not been a successful prospecting tool. 
Many natural waters contain anomalous amounts of 
uranium even though no uranium deposits are 
known in the vicinity. 

Under development is an indirect technique that 
uses the Eh and pH of water to evaluate sandstone 
aquifers and to locate favorable areas for explora- 
tion. If oxidation-reduction interfaces are important 
factors in the formation of uranium deposits in sand- 
stone, then with further development and refine- 
ments this technique may be a useful exploration 
tool. 

Radon, an alpha-emitting gas and one of the 
daughter products of uranium, has been used as an 
indirect aid in prospecting for uranium. Scintillome- 
ters and alpha-sensitive film have been used to 
detect its presence. 

The indirect method of magnetic prospecting has 
been used without much success in looking for urani- 
um deposits in continental sandstones. If the urani- 
um were concentrated in stream channels and were 
associated with heavy detrital minerals, particularly 
magnetite, then the magnetic method might be a 
useful tool. 


PROBLEMS FOR RESEARCH 

The sedimentary framework of basins containing 
major uranium deposits in sandstone formations 
should be studied in order to develop new guides for 
finding new districts in these and other basins. Par- 
ticular effort should be made to determine: (1) The 
original boundaries and configuration of basins, 
especially any intraformational basins within thick 
sequences of rocks, (2) the location, relief, and 
rock types of bordering uplands, (3) the diagnostic 
characteristics of the proximal, midfan, and distal 
rock facies between the margins and center of ba- 
sins, (4) the ancient and modern hydrologic condi- 
tions, and (5) the postsedimentary histories. 

The differences and similarities between tabular 
deposits, such as found in the Colorado Plateau re- 
gion, and roll-type deposits, found in Wyoming Ter- 
tiary basins, should be studied. Comparative studies 
of alteration patterns and the sedimentary frame- 
work of each type are needed. Colorado Plateau de- 
posits should be examined for possible evidence of 
vestiges of roll-type bodies that may have been 
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developed at an early stage in the formation of the 
ore bodies. If evidence of early ore bodies is found, 
then redistribution of uranium during compaction, 
consolidation, and lithification of the host rock 
should be investigated. Results of the study could 
guide exploration for and aid resource evaluation of 
undiscovered districts in the Plateau region, and 
especially in Mesozoic and Paleozoic rocks elsewhere. 

The geology of uranium-bearing veins in the 
United States should be studied in the hope of in- 
creasing our relatively small resources of this type. 
Knowledge of the geology and distribution of the 
large vein deposits in Canada may aid this research. 

Continued research is needed on the development 
of cheaper methods of extraction of uranium from 
paramarginal and submarginal resources in marine 
phosphorite and black shale and igneous rocks. 

The applicability of geochemical and other meth- 
ods for prospecting and exploring for uranium 
should be improved by additional research. 
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THORIUM 
By Mortimer H. STAATZ and JERRY C. OLSON 


ABSTRACT OF CONCLUSIONS 


Although the current demand for thorium is small, future 
needs may be large as a fuel for nuclear generators. The 
occurrence of thorium is widespread, and large deposits are 
found in beach and fluviatile placers, veins, sedimentary 
rocks, alkalic igneous rocks, and carbonatites. Thorium has 
been produced principally from monazite from beach and 
fluviatile placers, although in the 1950’s and early 1960’s 
monazite from a unique vein in South Africa was the chief 
source. In the early 1970’s monazite was recovered principally 
as a byproduct of titanium or tin mining in India, Brazil, 
Australia, and Malaysia. A large thorium resource in the 
conglomerates at the Elliot Lake uranium mines, Canada, 
could become an important byproduct if demand increases. 
Thorium resources are not well known because of the small 
demand, but are sufficient for many years in the future. The 
development of a viable domestic thorium mining industry is 
dependent on a large enough increase in demand to exceed 
the amount obtainable as byproducts from other types of de- 
posits. 


INTRODUCTION 


Thorium is a heavy, ductile, silver-gray metal 
that, like uranium, is the parent of a series of radio- 
active decay products, ending in a stable isotope of 
lead. 

Current demand for thorium is small, and in 1968 
was only about 125 tons of ThO, (Stevens, 1969, p. 
1068). Of this amount, 50 percent was used in mak- 
ing gas mantles, 30 percent in magnesium alloys, 
10 percent in dispersion-hardened metals, and the 
rest in specialized refractories, polishing compounds, 
electronic devices, and chemicals. The demand for 
industrial uses, although small, will continue inas- 
much as satisfactory alternate materials are not 
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known for most of thorium’s uses, especially in gas 
mantles and in alloys (Shortt, 1970, p. 209). Being 
radioactive, thorium has considerable potential as a 
nuclear fuel. It cannot, however, be used directly in 
a nuclear reaction, because it does not contain fission- 
able isotopes to start the reaction; bombardment by 
neutrons from fissionable U?*° converts thorium to 
fissionable U2**. Five types of thorium-cycle reactor 
systems have been investigated by the U.S. Atomic 
Energy Commission (Stevens, 1969, p. 1072). The 
farthest advanced of these is the HTGR (high- 
temperature gas-cooled reactor). A 40-MWE (mega- 
watts electrical) prototype of the HTGR was put 
into operation by Philadelphia Electric at Peachbot- 
tom, Pa., in 1966. The first reactor designed specially 
for commercial use is near Platteville, Colo., where 
Public Service Co. of Colorado has a 330 MWE 
HTGR that is expected to start producing electricity 
in April 1973. Four other HTGR reactors have been 
ordered—two of 770 MWE by Delmarva Power and 
Light Co. and two of 1,100 MWE by Philadelphia 
Electric. The HTGR has a number of technical ad- 
vantages over the uranium reactors now in use—it 
is more efficient to operate, runs on cheaper fuel, 
and produces less thermal pollution. The Public 
Service Co. of Colorado’s HTGR will have an effi- 
ciency of 39 percent, which is on a par with the 
best coal-operated electric generators and is better 
than the best uranium generators in use in 1971, 
which have 34 percent efficiency. 


EXPLOITATION 


Thorium was discovered by Berzelius in 1828, but 
the first real demand for the element was created 
after Carl Auer von Welsbach invented the thoriated 
incandescent gas mantle in 1891. The only common 
thorium mineral known at that time was monazite. 
Although monazite is also a principal source of rare 
earths, monazite production from 1895 to 1921 (fig. 
56) reflects the demand for ThO, and minor amounts 
of CeO, used in the gas mantle industry (Olson and 
Overstreet, 1964, p. 3). Monazite production in the 
United States prior to 1909 came principally from 
stream placers in North and South Carolina, and 
about equalled the country’s demand. The rest of 
the world production came chiefly from beach placers 
in Brazil. From 1912 to 1945 the large beach placers 
in India produced a major part of the world’s mona- 
zite. After 1920 the use of ThO, in gas mantles de- 
clined (fig. 56), and the little monazite produced be- 
tween 1921 and 1934 was used largely for its rare 
earth content. Before World War II, uses and pro- 
duction of both rare earths and thorium increased. 
Because thorium is a radioactive material, India and 
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Brazil nationalized their monazite deposits in 1946 
and 1951, respectively, and restricted monazite ex- 
ports during the period in which the United States 
was building up its stockpiles. The difference in 
demand was taken up by monazite from beach 
placers. chiefly in Australia, Malaysia, South Korea, 

Indonesia, United States, and Malagasy, and from a 

unique vein deposit in South Africa. Both India and 

Brazil resumed monazite mining, but separated the 

thorium and rare earths from the monazite in local 

plants. The thorium was not exported, but foreign 
markets were sought for the rare earths (Over- 

street, 1967, p. 10). During the 1950’s and 1960’s 

monazite was mainly a byproduct of titanium (il- 

menite or rutile) mining in Australia, India, and 

United States and of tin in Malaysia and Indonesia. 

The only nonplacer monazite mined came from a 

vein 13 feet thick exposed for 900 feet on the Steen- 

kampskraal farm in Cape Province, South Africa 

(Pike, 1958, p. 92). This vein consists of 80 percent 

monazite and apatite, and veins of this type have 

not been reported elsewhere. About 51,100 tons of 
monazite were shipped from this property between 

1952 and 1959 to Lindsay Chemical Co. in the United 

States and 8,000 tons in 1962 and 1963 to American 

Potash and Chemical Corp. Because of production 

from this mine, South Africa largely dominated the 

monazite market during these periods (fig. 56), but 
at present it is shut down. 

Data on the amount of ThO, actually obtained 
from monazite production during various years are 
not always obtainable, for two principal reasons. 
One is that the amount of ThO, ranges from 0 to 
31.5 percent in various monazites (Overstreet, 1967, 
p. 1), or from about 3.5 to 9.0 percent in commercial 
monazite concentrates (Parker and Baroch, 1971, 
p. 67). The ThO, content of monazite from each 
geographical area, however, commonly falls within 
relatively short ranges. The other principal reason 
is that in some years, such as the late 1960’s, mona- 
zite is sold principally for its rare earth content, and 
the amount of ThO, actually produced is not known. 

Monazite was practically the only source of tho- 
rium prior to 1958. Since that time thorium has also 
been recovered as a byproduct from the following 
two types of uranium ores: 

1. In Malagasy, from 1953 to 1968, relatively small, 
rich uranothorianite deposits yielded 4,170 
short tons of concentrates that averaged about 
60 percent ThO, (Parker and Baroch, 1971, p. 
68). These concentrates were produced prin- 
cipally by the French Atomic Energy Commis- 
sion and shipped to France. This amount of 
ThO, is about twice the amount used in the 
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FIGURE 56.—United States, South African, and world production of monazite, 1887-1970. Data for 1887-1947 from Olson 
and Overstreet (1964, fig. 1) ; 1948-70, from U.S. Bureau of Mines (1950-72). 


United States from 1947 through 1968 for 
nonenergy uses. 

2. Near Elliot Lake, Canada, thorium was first re- 
covered from Precambrian uranium-bearing 
conglomerates in 1959, from ore containing 
about 0.05 percent ThO, (Williams, 1969, p. 
487). The thorium was recovered from effluent 
solutions by ion exchange following the re- 
moval of the uranium, and was precipitated as 
a concentrate that contained 25-40 percent 
ThO,. The ThO, was recovered from only a 


small part of the uranium ore mined. Thorium 
shipments in Canada in the period 1966-69 
contained a total of about 186 tons of ThO,, 
only a small part of the capacities of the mills, 
but lack of market caused production to cease 
in 1968. Most of the concentrates were shipped 
to Thorium Ltd. in Great Britain, although 
some was shipped to the United States and 
some was used in Canada for making thorium 
metal. 

In 1957, 132 tons of thorium-bearing ores was re- 
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covered principally from pegmatites; and in 1958, 
650 tons of thorite concentrate was obtained from 
thorite-bearing quartz-carbonate veins in Colorado 
(Kelly, 1962, p. 3). 

The principal placers that have been mined for 
monazite in the southeastern United States are small 
fluvial placers in the Piedmont of North and South 
Carolina. The value of the land for agricultural pur- 
poses is commonly greater than for monazite placer 
mining. The changes in land use and the small size 
of many of the deposits deter the operation of most 
fluvial placers. In some of the larger beach placers 
from South Carolina to northern Florida, the value 
of residential property would deter their use as 
beach placers. For example, Hilton Head Island, 
S. C., where 8,266,000 tons of heavy minerals con- 
taining approximately 2,880,000 tons of ilmenite and 
94,600 tons of monazite were reported (McCauley, 
1960, p. 5-6), is covered by many fine estates, golf 
course, and summer residences. 


GEOLOGIC ENVIRONMENT 
GEOCHEMISTRY 
Recent estimates of the thorium content of the 
earth’s crust range from about 6 to 13 ppm. Most of 
the thorium is widely disseminated in small quanti- 
ties which vary in amount in different rocks. In its 
geochemical cycle, thorium becomes concentrated 
during several episodes, for example: 

1. In magmatic intrusion and differentiation, be- 
cause of its relatively large ionic radius and 
high valence thorium tends to become concen- 
trated in the residual solutions as crystalliza- 
tion progresses. Thus it is most abundant in 
the younger members of rock series such as 
granitic and alkalic rocks and other rocks 
formed from residual magmatic fluids. The 
thorium content of granitic rocks that ap- 
proach true granite in composition is likely to 
be higher than that of granodiorite or quartz 
monzonite, and it is notably high in some small 
alkalic rock complexes with which carbonatite 
and fenite are associated. During magmatic 
and metamorphic processes, therefore, tho- 
rium may be concentrated in veitis, carbona- 
tite, pegmatite, and certain alkalic rocks, 
granites, and metamorphic rocks. 

2. In magmatic and metamorphic phases, the type 
and grade of metamorphism are factors in 
determining whether monazite, the principal 
ore mineral of thorium, is formed, and in de- 
termining the thorium content of the mona- 
zite. Thus the higher grade metamorphic and 
related igneous terranes are the best source 
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areas for monazite with a high thorium con- 
tent. 

3. During weathering and erosion, monazite tends 
to remain as detrital grains owing to its in- 
solubility and high specific gravity. The weath- 
ered mantle thus becomes enriched in this and 
other residual heavy minerals, which gradu- 
ally move downslope and downstream, forming 
local placer concentrations. Monazite and other 
heavy minerals that reach the sea are de- 
posited chiefly near shore at the mouths of 
rivers, but some thorium is also adsorbed on 
clay minerals during weathering and becomes 
disseminated in clayey sediments. During 
weathering and erosion, therefore, thorium 
may be concentrated in residual, stream (val- 
ley) placer, or beach placer deposits. Detrital 
mineral deposits formed in these ways may 
also be preserved in ancient sedimentary rocks 
under proper conditions, or on erosion of them 
the monazite may be reconcentrated to form 
rich, second-generation placer deposits. 


ORE MINERALS AND ASSOCIATED MINERALS 


The chief ore minerals of thorium are monazite 
[(Ce,La,Nd,Th) PO,], thorite, (ThSiO.,), uranothor- 
ite, and brannerite (a multiple oxide of Ti, U, Ca, 
Fe, Th, and Y). Other thorium-bearing minerals 
present in some deposits include allanite; multiple 
oxides such as euxenite, samarskite, fergusonite, and 
betafite; and thorianite (ThO,). Thorium is com- 
monly associated, in minerals and in deposits, with 
the rare earths, niobium, titanium, and zirconium; 
thorium may occur with these elements as important 
coproducts or byproducts. In placer deposits, poten- 
tial source minerals for thorium include monazite 
and several thorium-bearing multiple-oxide minerals. 
In veins or lodes the principal thorium-bearing min- 
erals are thorite, monazite, and uranothorianite, and 
less commonly allanite, brockite, and brannerite. 
Thorium-bearing pyrochlore is found in some car- 
bonatites. 


TYPES OF DEPOSITS 

Thorium concentrations of possible economic in- 
terest occur in the following types of deposits: (1) 
Veins, (2) beach and stream placers and residual 
deposits, (3) deposits in sedimentary rocks—ancient 
placer deposits, thorium-bearing dolomite (as found 
in Canada), and conglomerates or quartzites en- 
riched in thorium and in some places uranium (as 
at Elliot Lake, Ontario), and (4) concentrations in 
igneous and metamorphic rocks, mostly of low grade, 
which include carbonatite, fenite, dikes or layers of 
alkalic igneous rock, thorium-rich granite, pegma- 
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tite, pegmatitic migmatite, and thorium-rich zones 
in metamorphic rock. 


VEINS 


Three types of thorium veins are known. First are 
the unique monazite-apatite veins of South Africa 
that have been the principal producers, but are 
largely depleted. The second type comprises urano- 
thorite or uranothorianite deposits in Malagasy 
and on Bokan Mountain, Alaska; these also are 
largely depleted. The third type consists of veins 
composed chiefly of fine-grained quartz, potassium 
feldspar, and iron oxide. The most abundant thorium 
mineral in these veins is thorite, but monazite, allan- 
ite, or brockite are common in some places. Veins of 
this type are known at 13 localities in the United 
States. The veins are from a few feet to 5,000 feet 
long and many are 1-2 feet thick. They occur in 
steeply dipping fractures that cut across the struc- 
ture of the host rocks; many are brecciated. In many 
areas the veins are adjacent to alkalic complexes and 
carbonatites. The veins formed from highly mobile 
fluids at low temperatures, and hence may be as 
much at 20 miles from their probable source. 

The grade of the veins is commonly erratic, but 
many contain an average of several tenths of a 
percent thorium. A few veins, such as those in the 
Wet Mountains, Colo. (Christman and others, 1959, 
p. 522 and 580), and at Hall Mountain, Idaho (Staatz, 
1972, p. 247), may contain several percent thorium. 
The rare-earth content of the veins may equal or 
exceed the thorium content. Inasmuch as the grain 
size is small and the iron oxide may be abundant, 
separation of thorium minerals by standard physical 
methods is difficult. 


PLACERS 


In many countries, monazite is a common acces- 
sory mineral in placer deposits that were formed 
from the debris of metamorphic and granitic rocks. 
Many of these placer deposits are formed on active 
beaches, where the monazite and other heavy min- 
erals are concentrated in a narrow belt along the 
shoreward facies. Many placer deposits are exten- 
sive; some are more than 10 miles long and one- 
quarter mile wide. Some placer deposits occur in 
partly indurated beach sediments that now lie land- 
ward of the active beaches. 

In tropical areas, where weathering has been ex- 
tensive and penetrated deeply, beach placers may 
contain more than 50 percent heavy minerals that 
consist chiefly of ilmenite or magnetite, although 
garnet, zircon, rutile, sillimanite, cassiterite, or 
monazite may also be sufficiently abundant to be 
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economically important. The monazite, however, gen- 
erally occurs in minor amounts compared to many 
of the other minerals. The ThO, content of monazite 
in these deposits is highly variable, and commonly 
ranges from 3.5 to 9.0 percent (Parker and Baroch, 
1971, p. 67), but the ThO, content. of the monazite 
from any one deposit or area is fairly constant. 

Stream placers are smaller and tend to be less 
uniform in composition than beach placers, and 
therefore must be of higher unit value to be worked 
successfully. Monazite generally is the principal and 
only thorium mineral in these deposits, but other 
thorium minerals are found in a few places. The 
principal thorium mineral is euxenite in the placers 
at Bear Valley, Idaho, and uranothorite in the Hailey 
area, Idaho (Mackin and Schmidt, 1956). 


DEPOSITS IN SEDIMENTARY ROCKS 


Some sedimentary rocks consist chiefly of indu- 
rated placer sediments, such as those of fossil beach 
deposits. In some of these deposits, the sorting and 
concentration of the valuable minerals has been 
more complete than in others. In some of these 
deposits especially in sandstone and conglomerate, 
the heavy minerals tend to be dispersed, but even 
here they have been concentrated because the softer 
or more brittle minerals have been ground finer and 
carried farther away. Monazite is commonly the only 
thorium-bearing mineral found, but near Elliot Lake, 
Canada, it occurs with brannerite and uraninite 
(Roscoe and Steacy, 1958, p. 482). The latter two 
minerals, important sources of uranium, are found 
in conglomerates in ancient Precambrian rocks. 

Indurated sedimentary rocks require grinding to 
liberate the thorium minerals—unless they contain 
an important coproduct, such as uranium, they are 
not likely to be mined until the less expensive 
unconsolidated placers are largely exhausted. 


CONCENTRATIONS IN METAMORPHIC AND IGNEOUS ROCKS 


Thorium minerals are found in some metamorphic 
and igneous rocks. Monazite is especially widespread 
in metamorphic rocks of garnet to sillimanite grade. 
In a few small areas, such as near Central City, Colo. 
(Young and Sims, 1961), and in southern Music 
Valley, California (Evans, 1964), monazite and 
xenotime are concentrated, but the deposits are too 
small to mine. 

Thorium minerals are commonly associated with 
potassic igneous rocks, especially granitic and al- 
kalic complexes. Also related to these igneous rocks 
are bodies of carbonatite, which commonly contain 
several valuable minerals. Thorium occurs in some 
such carbonatites; for example, it might be recov- 
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ered as a byproduct of rare-earth mining at Moun- 
tain Pass, Calif.; of niobium mining at Araxa, Brazil; 
or of copper mining at Palabora, South Africa. 

Most granite contains an average of 0.0025 per- 
cent thorium, but granite with a greater content of 
thorium could be a potential low-grade resource. The 
Conway Granite underlies a large area in New Hamp- 
shire and, in addition to uranium, contains more than 
twice as much thorium as the average value already 
cited (Adams and others, 1962, p. 1903). The gran- 
ites of the Tokovskii complex in the U.S.S.R. con- 
tain four times the average thorium content of 
granite (Filippov and Komlev, 1959, p. 541). 


RESOURCES 


IDENTIFIED RESOURCES 

The resources of thorium are not well known, ow- 
ing in part to the small demand in relation to avail- 
able supply. The increased use of thorium for gen- 
erating electricity, however, has stimulated interest 
in resources. Because the amount of byproduct ThO, 
recovered throughout the world in 1972 was more 
than sufficient to meet current needs, deposits in 
which thorium is the principal element cannot be 
mined at a profit. 

The present known resources of ThO, in the 
United States as given in table 94 include resources 
recoverable as byproducts as well as both high- and 
low-grade nonbyproduct resources. The only min- 
able reserves at present are some of the Atlantic 
Coast beach placers, where monazite is produced as 
a rather minor byproduct of titanium mining. Re- 
sources of beach placers along the Atlantic coast in- 
clude 15,600 tons of ThO, estimated to be in mon- 
azite in the sands in Florida, on Hilton Head 
Island, S.C., and in some of the ancient beach 
placers near Folkston, Ga. 

The United States has large resources (table 94) 
of thorium in relatively high-grade veins—those 
containing more than 0.1 percent ThO.. The Wyom- 
ing and Michigan resources, which occur in detrital 
monazite in conglomerates, are too low-grade for 
recovery to be feasible until higher grade and easier- 
to-handle ores such as placers and veins have been 
depleted. These conglomerates are nonuraniferous, 
and thorium cannot be recovered from them as a 
byproduct as it can in the uraniferous conglomerates 
at Elliot Lake, Canada. A large potential source of 
thorium is in the low-grade deposit of granite near 
Conway, N.H. This granite, the Triassic or Jurassic 
Conway Granite which has an average grade of 
0.0064 percent ThO.,, underlies an area of about 307 
square miles (Adams and others, 1962, p. 1903), and 
could be mined at a cost of about $50-$100 per pound 
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of ThO. (Brown and others, 1963, p. 6-11). More 
than half of the world’s identified resources of thori- 
um are in beach placers, principally in India (table 
94). The total resources of thorium in beach placers 
are undoubtedly larger, inasmuch as in some coun- 
tries, such as Brazil, Australia, and Malaysia, only 
part of the beach placers has been evaluated. Fur- 
thermore, present-day beach placers are being 
formed continually, and in some areas new placers 
may form several years after the old one has been 
worked out. 

Carbonatites are also an important resource of 
thorium, containing more than one-sixth of the 
evaluated thorium resources potentially recoverable 
as a byproduct (table 94). Thorium can be recovered 
as a byproduct of copper and uranium mining at 
Palabora, South Africa, and of niobium and rare 
earths at Araxa, Brazil. About 40 percent of the 
known resources of thorium potentially recoverable 
primarily as a byproduct is in the uranium deposits 
in the Elliot Lake district in Canada. As these de- 
posits are being actively mined for uranium, only a 
separate circuit need be added to the mill waste after 
the precipitation of the uranium in order to recover 
a thorium-rich concentrate. 

The largest known resources are in Greenland, 
where several square miles of lujavrite, a variety of 
nepheline syenite, contains 200 ppm to several tenths 
percent thorium and a half to a quarter as much 
uranium. The cost of recovery of either element, 
however, would be high. 

Although the identified resources of thorium are 
small compared to those of many other metals, they 
are large compared to the amounts of thorium used 
in the past. Known resources are about 10,000 times 
greater than the amount used in 1968. The general 
use of thorium in reactors would, however, greatly 
enlarge the demand for this element, hence the ap- 
praisal of potential resources becomes important. 


HYPOTHETICAL AND SPECULATIVE RESOURCES 


Beach placers have been and will continue to be 
major sources of thorium. Resources in some places 
will probably be increased as additional areas of 
known monazite-bearing sand are evaluated. Thus, a 
favorable area for finding new placers is below the 
water level, off present beaches, where seaward ex- 
tensions of known placers could be mined under 
somewhat more difficult conditions. McKelvey (1968, 
p. 40) estimated the monazite content in undiscov- 
ered marginal offshore deposits on the U.S. conti- 
nental shelf to be about 4 million tons. Even larger 
off-shore deposits probably occur in Australia, 
Brazil, and India. 
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TABLE 94.—Identified thorium resources 


[Identified resources are specific, identified mineral deposits that may or may not be evaluated as to extent and grade, and whose contained minerals 
may or may not be profitably recoverable with existing technology and economic conditions] 


Locality 1 


United States: 


Atlantic coast Beach placer. 


idahopande@iontan aes ere ra dOn eae 
Lemhi Pass district, Idaho and Montana_ Veins 

Wet Mountains, Colo -_--_--_-__-_____ esi (ays Se e3 ee, 
Powderhorn district, Colo _-__-_-_______ BES donee ast 
Mountain Pass district, California ______ ae LOM ee ae 
Bdge se Ea eS eee Carbonatite. 
iPalmervareas Michigan === =e eee Conglomerate. 
Bald= Mountain, Wyo ese oe eee eee eee do were es 


Total, United States 


Australia’ (222. sili O2 Ari eee Se Beach placers. 
Brazil: 
Atlanticycoast: =====s=s=se— — eee ==e00) Ss aeoee a 
Morro de Ferro, Minas Gerais ____-____ Alkalic rock 
complex. 
Araxay Minas) Geraisi=ose = eee Carbonatite. 
Canada: Elliot Lake, Ontario _____________ Conglomerate. 
Greenland: southwest part -_______________ Alkalic rock 
complex. 
India; various areas, including Kerala, Bihar, 
Wests Bengvalgen 2. — 2 ~ Sees en eee ee Placers. 
Kenya: Mrima Hill, Mombasa area ________ Carbonatite. 


Korea Fluviatile and 


Type of deposit 


Fluviatile placer. 


Malagasy Republic’: Fort Dauphin area ___ 
Malaysia 
Malawi 


South Africa’: Palabora, Transvaal 
Uganda: Sukulu, Eastern Province 
United Arab Republic: Nile delta 


West Africa: Nigeria, Sierra Leone 


Total world identified resources 


beach placers. 


Beach placers. 
Placers. 
Fluviatile and 


Thousands of short tons ThO2 


beach placers. 


Carbonatite. 
Edo 
Fluviatile and 
beach placer. 
Placers. 


Recover- Recoverable pri- 
able marily for ThOe of 
primarily grade— Principal published reference 
as by- 
product 
or >0.1 <0.1 
coproduct percent percent 
16 Tae --. McCauley (1960, p. 1). 
ett pith E> 56 Overstreet, Theobald, and 
Whitlow (1959, p. 713-714). 
cies 2 Es eacpss 38 
ee 100.0 --. U.S. Atomic Energy Comm. 
(1969, p. 127). 
PR es ys 4.5 Lae 
ee ae 1.5 eae 
ee) a 5 Ba: 
28 sore — 
pte Ee 46 Olson and Overstreet (1964, 
p. 37). 
ony eee ates 2 Borrowman and Rosenbaum 
(1962, p. 2). 
46 106.5 142 
50 pS! --- Griffith (1964, p. 106). 
aes 20 ee --. Stamper and Chin (1970, 
p. 685). 
agar |e 14.0 --- Wedow (1967, p. 30) 
130 ee --. Guimaraes (1957). 
7580 ae _-. Griffith and Roscoe (1964, p. 
11). 
aaa ae 750 European Nuclear Energy 
Agency (1967, p. 13). 
450 phan = aoe and others (1965, p. 
93). 
21 Senta __. Davidson (1956, p. 206). 
6 sae --. Olson and Overstreet (1964, 
p. 32-383). 
10 Seo --. Murdock (1968). 
20 ai --- Shortt (1970, p. 207). 
eo Lae 10 Bowie (1959). 
15 Ligue -.. Pike (1958, p. 94). 
Pees 2 Ts -.. Davidson (1956, p. 206). 
10 cone -.. Higazy and Naguib (1958). 
15 S28 --. Bowie (1959). 
=ene KS 120.5 902 


1 Not shown, because of inadequate data, are resources in Argentina, Ceylon, parts of Malagasy Republic, Norway, South Africa (Steenkampskraal 


Mmonazite veins), Uruguay, U.S.S.R., 


and several other countries. 


4Includes some hypothetical resources, which are undiscovered mineral deposits, whether of recoverable or subeconomic grade, that are geologically 


predictable as existing in known districts. 


Knowledge of certain factors in the formation and 
concentration of monazite can aid in the search for 
undiscovered placers. Monazite commonly forms by 
recrystallization during metamorphism, and the 
thorium content of the monazite increases with the 
grade of metamorphism (Overstreet, 1967). Mon- 
azite weathered from metamorphic rocks is concen- 
trated in the near-shore sediments laid down in the 
ocean. If these sediments are raised above sea level 
and are in turn eroded, monazite may be reconcen- 
trated. Beaches in which the monazite has gone 


through more than one cycle of erosion and deposi- 
tion, in general, have greater concentrations of mon- 
azite than those that have gone through only one 
cycle. Furthermore, more monazite is freed from 
rocks where the enclosing minerals are thoroughly 
weathered—for example, in warm, humid climates. 
In arid climates the rocks do not weather as deeply, 
and in the far north the monazite in the sediments 
may be dispersed by glaciation. In the search for new 
monazite beaches, effort should be concentrated in 
areas in subtropical or tropical climates that have 
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high-grade metamorphic rocks inland and Tertiary 
or Cretaceous clastic rocks along the coastline. 

Additional resources of thorium will also be found 
in vein deposits in areas that have not been thor- 
oughly prospected because of lack of demand for 
thorium. Undiscovered resources exist both in known 
districts at untested depths (hypothetical resources) , 
and in areas where no thorium deposits have yet 
been found (speculative resources). Districts con- 
taining vein deposits, such as Lemhi Pass, Idaho- 
Montana, Hall Mountain, Idaho, and the Wet Moun- 
tains, Colo., have had little subsurface exploration 
and parts of the areas are covered by thin Quater- 
nary deposits. Exploration in these areas will un- 
doubtedly discover many new deposits, and addition- 
al exploration at depth may well increase resources 
several times over those now known in veins. The 
origin of many thorium vein deposits is related to the 
formation of alkalic stocks and their associated car- 
bonatites. Hence, prospecting within a radius of 
about 20 miles from known alkalic stocks well may 
locate new thorium vein districts. 


PROSPECTING TECHNIQUES 


Methods of prospecting for thorium vary accord- 
ing to type of deposit and other factors. The most 
useful methods rely on the radioactivity of thorium. 
Geiger and scintillation counters have been widely 
used in detection and appraisal of thorium deposits. 
Abnormal radioactivity can also be detected with a 
gamma-ray spectrometer, and the content of thori- 
um, potassium, and uranium daughter products can 
be measured in a few minutes with this instrument. 

Except for the radioactivity methods, thorium 
prospecting is carried out by traditional techniques 
of examination and sampling of favorable terrane. 
Panning for heavy minerals is particularly useful in 
areas where placer concentrations occur. Methods of 
exploration by panning and churn drilling of placer 
deposits in Idaho, North and South Carolina, and 
other States have been described by Kline (1952). 
Water sampling has not been used for thorium de- 
posits because of the low solubility of thorium in 
ground water, lakes, and rivers. Sampling of stream 
sediments has been tested by Staatz, Bunker, and 
Bush (1971) in the Lemhi Pass district where its 
usefulness is quite limited. 

Because of the limited market for thorium, very 
few deposits have been explored at depth by drilling 
or underground excavations. Radioactivity methods 
penetrate only a very thin surface layer, hence in 
most areas the extent and grade of deposits at depth 
are conjectural. 
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RESEARCH NEEDED ON DOMESTIC 
THORIUM RESOURCES 

The United States will probably continue to obtain 
the greater part of its thorium needs, at least for 
the next few years, from foreign sources. Embar- 
goes by several principal producing countries tend 
to diminish this supply greatly. These embargoes, 
coupled with the very likely large growth in demand, 
would shift some of the interest from foreign to do- 
mestic sources. The most easily available resources 
of thorium in the United States are beach placers in 
Florida and Georgia mined for their titanium con- 
tent, but the monazite recoverable is limited not only 
by the size and grade of the deposits but by the de- 
mand for titanium. 

A larger and still untapped U.S. resource is the 
thorium veins of the West. Complete reserve esti- 
mates are needed on the veins in each district 
(length, thickness, depth, and average grade). Infor- 
mation is needed on the relation of these veins to 
regional faulting and to alkalic intrusives and on 
their ages, mineralogy, total rare earth content, and 
on the relative distribution of the various rare 
earths to one another in the veins. 

Small amounts of thorium also occur in carbona- 
tites in the United States. Additional study of the 
mineralogy and chemistry of these deposits would 
help to determine the amount and recoverability of 
thorium, possibly as a byproduct of rare earths or 
niobium. 

Definition of thorium-rich metallogenic provinces, 
by the grouping of deposits or districts and the thor- 
ium content of various rocks, should aid in outlining 
target areas for future prospecting. 
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ABSTRACT 


Thermal “cracking” of part of the biogenic organic de- 
tritus interred in fine-grained subaqueous sediment releases 
hydrocarbon compounds that form petroleum and natural gas. 

Rapid nearshore marine deposition favors accumulation and 
preservation of such sedimentary organic matter. Tempera- 
tures high enough for cracking to begin and compactional 


pressures great enough to actuate mechanisms of hydro- 
earbon expulsion and migration require basinal burial to 
depths of 1,500 feet or more. Wherever fluid hydrocarbons 
migrating toward the surface are interrupted and trapped, 
oil and gas reservoirs occur. 

Organic carbon, hydrocarbons, and producible hydrocarbon 
accumulations are distributed extremely unevenly in the 
United States and the world. They are practically restricted 
to sedimentary rocks and are much more abundant in geologi- 
cally young strata than in old. Producible hydrocarbons oc- 
cur with greatest frequency and in greatest volume at depths 
shallower than 10,000 feet, and a very small percentage of 
all known accumulations contains a very large percentage 
of all proved reserves. A few regions (notably the Middle 
East) contain a disproportionate share of the world re- 
serves. 

All estimates of petroleum and natural gas resources de- 
pend upon prior exploration results and are unreliable. 
Changing economic incentives, technologic advances, en- 
larged prospecting areas, and creative thinking all increase 
exploration effectiveness. 


INTRODUCTION 
THE PROBLEM 


What are the ultimate potential United States and 
world resources of petroleum and natural gas, both 
those discovered and those waiting to be found? 
Where are they? What part of them can be found 
and exploited economically? What fraction of the 
total was originally within the territorial limits of 
the United States? How much of that fraction lies 
beneath the continental shelves—and where? To 
what extent will the United States be dependent in 
the future on imported petroleum, and how can we 


-be assured of an economical supply? What should 


be the national goal and policy toward encouraging 
domestic exploration on land and beneath the 
continental shelves? What part of our national 
research and investment capability should be devoted 
to programs aimed at utilizing coal resources or 
nuclear “fuels” more fully in the future in place of 
petroleum and natural gas? Should special incen- 
tives be provided to support conservative but eco- 
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nomically marginal operation of “stripper wells,” of 
“tight gas reservoirs,” of secondary recovery 
operations? 

The answers to these questions, and myriads like 
them, are of the utmost concern or importance today 
to business leaders, industrialists, economists, poli- 
ticians, international strategists, and military plan- 
ners. To an important extent, the answers stem 
from geological, geophysical, and geostatistical re- 
search and investigations. Whether such questions 
are answered correctly or incorrectly, the life of 
every citizen living in the United States in the 
year 2000 will be affected profoundly by the actions 
that are being taken now on the basis of the answers 
available. The very long lead times required to dis- 
cover and develop wholly new petroleum and natural 
gas reserves requires that planning be done now to 
fill needs anticipated or projected for the last decade 
of the 20th century (Hartley, 1969; Harvey, 1970; 
Moody, 1970). Even longer lead times are needed 
to plan, finance, and conduct research into new and 
improved methods of seeking the hard-to-find de- 
posits of hydrocarbons that will be needed by future 
generations. 


GEOLOGIC SETTING 


Petroleum (“rock oil’). and natural gas (“earth 
gas”) are mixtures or solutions of raw chemicals. 
They are natural fluids composed predominantly of 
compounds of hydrogen and carbon. The simplest 
of these compounds is methane, the principal con- 
stitutent of natural gases. More complex hydrocar- 
bon compounds of higher molecular weights that 
have been identified as constituents of petroleum 
number in the many hundreds, but about half of the 
weight of average crude oil consists of light hydro- 
carbon compounds containing from three to 14 
carbon atoms per molecule. Many semi-independent 
lines of evidence indicate that these natural hydro- 
carbon chemicals are of ultimately biological origin, 
The most compelling evidence is the overwhelmingly 
predominant tendency for both the fluid hydrocar- 
bons and associated organic matter to occur in 
sedimentary rocks, especially in those of marine and 
lacustrine origin that were deposited rapidly in 
basins or depositional centers. Posthumous organic 
detritus interred in subaqueous sediment is the 
starting material from which these scarce and valu- 
able fugitive raw chemicals were derived. 

Hydrocarbon compounds are virtually ubiquitous 
in differing amounts at and near the surface of the 
earth and in the rocks and pore fluids beneath the 
surface. Small quantities occur in living protoplasm 
(from a few parts per million on a dry weight basis 
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in most higher organized living matter to a few 
thousand parts per million in some plankton and 
microorganisms), mostly of compounds having 15 
carbon atoms or more per molecule. Even in the 
atmosphere, trace amounts occur near biological 
sources, in coal mines, at oil and gas seepages, at 
some volcanogenic vents, and in association with 
dust particles. Small quantities make up part of the 
few milligrams of dissolved organic substances per 
liter of average sea water, and minute amounts 
occur in some meteorites and in a few places even 
within the crystals of coarse-grained igneous rocks. 
But by far the greatest proportion of the hydro- 
carbons in the earth occurs in sediments and sedi- 
mentary rocks. 

Organic carbon and hydrocarbons are distributed 
extremely unevenly in the earth’s sedimentary 
mantle. In Holocene sediments, they are generally 
most abundant in marine silt and clay deposited 
rapidly in basins or depressions on or at the edges 
of continental shelves. They decline in abundance 
as grain size increases and are least abundant in 
coarse-grained sediments. They are present even in 
nonmarine deposits, but at generally much lower 
levels, and are abundantly present there only in 
lacustrine deposits, especially those that are 
hypersaline. 

The average content of organic carbon in Holo- 
cene marine clastic sediments of continental deriva- 
tion was long ago recognized to be about 1.4 per- 
cent (Trask, 1937, p. 149; Trask, assisted by others, 
1932, p. 249). Subsequent investigations confirm 
this as a rough approximation but also suggest that 
the complicating effects of basin size, continental 
shelf width, basin morphology, and hydrodynamic 
and hydrobiological features render any “average” 
figure of little use (compare for example, Emery, 
1960, tables 12 and 27, and Bordovskiy, 1965, p. 
37-44). Hydrocarbons are associated with the or- 
ganic matter of Holocene marine sediments in the 
lipid (or “bitumen’”’) fraction. According to Trask, 
assisted by others (1932), the mean “bitumen” con- 
tent of such sediments is 0.06 percent, and the data 
of many authors show that the ether-extractable 
content of individual samples, although quite vari- 
able, is directly proportional to total organic car- 
bon, therefore being generally highest in quickly 
buried pelitic sediments. These early findings of 
Trask have also been supported by subsequent in- 
vestigations (Smith, 1956; Bordovskiy, 1965, p. 57— 
68) but with the addition of such important details 
as the facts that such “bitumens” consist of about 
65 percent asphaltenes and about 10 percent oils 
(0.005 to 0.015 percent of dry sediment) and that 
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molecules having odd numbers of carbon atoms 
conspicuously predominate among the heavy normal 
paraffins (Bray and Evans, 1961). 

The great bulk of the organic carbon that occurs 
in sedimentary rocks, like the total organic matter 
and most of the hydrocarbons, is disseminated in 
low concentrations through large rock volumes. On 
the basis of many tens of thousands of rock samples 
(Trask, 1937, p. 149; Trask and Patnode, 1942; 
Ronov, 1958; Hunt, 1962; Gehmen, 1962), the or- 
ganic carbon contents of unmetamorphosed sedi- 
mentary rocks are known to range between a high 
of 1.77 percent (average) for coastal-marine shales 
of petroliferous regions and a low of 0.15 percent 
(average) for nonmarine carbonate rocks of non- 
petroliferous areas. The data of Trask and Patnode 
(1942) and especially of Ronov (Ronov and others, 
1965, p. 330; Ronov, 1968, fig. 7; 1958, figs. 1 and 2) 
show that the distribution of organic carbon in 
sedimentary rocks is not at all constant through 
geologic time. Instead, a long-term increase from 
very low concentrations in young Precambrian clay 
strata of the Russian Platform (0.08 percent organic 
carbon for 700-million-year-old Sinian strata) to 
high concentrations in Mesozoic and Cretaceous 
clays (0.41 percent organic carbon) is attributed 
by Ronov and his coworkers “. . . to the overall 
increase in the total mass of living substances in 
the biosphere.” Major fluctuations in this long-term 
increase have been demonstrated (Ronov, 1958, 
table 2 and figs. 1 and 2) from data from the Russian 
Platform and the United States (Trask and Pat- 
node, 1942). Figure 57 summarizes these data and 
emphasizes the remarkable parallelism between the 
Russian and the U.S. stratigraphic averages. Tap- 
pan and Loeblich (1970), calling attention to the 
worldwide contemporaneity of such geochemical 
fluctuations with important marine and terrestrial 
biologic events, suggested that changes in the quan- 
titative distribution of marine phytoplankton are 
the fundamental causative link connecting such 
otherwise apparently unrelated correlations (see 
also House, 1963). 

Knowledge about the uneven distribution of total 
organic carbon in sediments of different grain sizes 
and depositional environments and in sedimentary 
rocks of different regions and ages is both sketchy 
and problematic; but it is vastly more complete and 
satisfactory than knowledge about the hydrocarbon 
compound whose carbon forms but a minute part 
of the organic carbon. The relatively small quanti- 
ties of hydrocarbon compounds, their mobility and 
physicochemical lability, and the relative newness 
of many of the analytical procedures and equipment 
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FIGURE 57.—Age-dependent variations in the average con- 
tent of organic carbon in sedimentary rocks from the Rus- 
sian Platform and the United States. Adapted from Ronov 
(1958, figs. 1 and 2). 


needed for quick reliable quantitative determinations 
of most of them, combine with the enormous scope 
of the undertaking to be more conducive to ignor- 
ance than to knowledge. 

Hydrocarbon compounds have been identified from 
some of the oldest Precambrian strata (3-billion- 
year-old Fig Tree shale of the Swaziland System, 
South Africa) and, among others, from unmeta- 
morphosed carbonaceous middle Precambrian un- 
doubted microfossiliferous chert (1.9-billion-year- 
old Gunflint Iron Formation, Ontario, Canada). 
However, critical investigations of the origins of 
these compounds (aromatic hydrocarbons in the 
older shale and normal alkanes and saturated and 
unsaturated fatty acids in the younger chert) indi- 
cate that the hydrocarbons are present because of 
contamination that possibly is quite recent. They 
are neither indigeneous nor syngenetic with the 
mainly indigenous carbonaceous materials (Hoer- 
ing, 1967, p. 99-100; Abelson and Hare, 1968; Smith 
and others, 1970; Nagy, 1970). As Hoering (1967, 
p. 105) so clearly stated in his remarkably far- 
sighted treatment of such problems of hydrocarbon 
contamination, “Vast quantities of geologically 
younger petroleums are a part of our present en- 
vironment and can appear in unsuspected places.” 

However, the detection of chemically stable metal- 
loporphyrins in an extract of 1.1-billion-year-old 
Nonesuch shale from northern Michigan (Barg- 
hoorn and others, 1965) points clearly to a biogenic 
origin for the organic matter from which this relic 
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of photosynthetic organisms was derived (Treibs, 
1936; Orr and others, 1958; Dunning, 1963). Fur- 
thermore, the evolution of an impressive series of 
alkanes (methane through pentane) by low tem- 
perature pyrolysis from ether-insoluble organic mat- 
ter (kerogen) extracted from this same stratum 
(Hoering, 1967, p. 97 and table 4) indicates that the 
seepage petroleum (first reported by White and 
Wright, 1954) from the White Pine Copper mine is 
almost certainly younger Precambrian in age, and 
the Nonesuch shale is its ancient source rock. Car- 
bon isotope ratios from the soluble and the insoluble 
fractions of the Nonesuch organic matter are almost 
identical and diagnostically biosynthetic (Hoering, 
1967, table 8) and further strengthen this conclu- 
sion. Negative results were reported by Hoering 
from his attempts to detect optical activity (rota- 
tion in the Nonesuch petroleum by “...a factor of 
50 less than has been reported from Paleozoic 
petroleums.”) The likelihood that polycyclic, satu- 
rated hydrocarbons are responsible for some of the 
optical rotation so characteristic of younger petro- 
leums (Oakwood and others, 1952; Hills and others, 
1970) and that sterols are precursors of such com- 
pounds takes on special interest in view of the fact 
that anaerobic organisms do not produce highly 
unsaturated fatty acids or sterols (Bloch, 1965). 

Many other occurrences have been reported (Vas- 
soyevich and others, 1971; Murray, 1965) of possi- 
ble, probable, and undoubted Precambrian hydro- 
carbons from many localities in the world, but none 
is as thoroughly documented by pertinent observa- 
tional and analytical detail as the occurrence in the 
Nonesuch shale. Of these other occurrences, the 
oldest that appears to be fairly certainly indigenous 
is 1.2 b.y. (saturated paraffinic compounds extracted 
from “‘Muhos shale” of the Jotnian series, Finland— 
Hoering, 1967, p. 98-100), and most are from 
youngest Precambrian rocks. Of further interest is 
the fact that only one undoubtedly Precambrian 
occurrence has resulted in commercial hydrocarbon 
production; that of gas, condensate, and oil from 
the late Proterozoic multizone Markovo field in the 
Irkutsk part of the western Siberian Angara- 
Tunguska basin (Vassoyevich and others, 1971, p. 
412-413). Commercial petroleum and natural gas 
are almost exclusively products of sedimentary rocks 
deposited during only the last one-eighth to one- 
fourth of the earth’s history, that part during which 
an atmosphere rich in oxygen prevailed and during 
which complex multicellular organisms developed. 
Carbon is the stuff of life! 

The evidence has been summarized which indi- 
cates that hydrocarbon compounds are quite scarce 
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in rocks of Precambrian age, even those relatively 
rich in organic carbon and kerogen, and that fluid 
hydrocarbons (commercially producible or not) are 
extremely rare in such strata and are restricted thus 
far to rocks of late Proterozoic age. It is self evi- 
dent, then, that most of the earth’s hydrocarbons 
must occur in rocks of Phanerozoic age and in Holo- 
cene sediment (plus the biosphere and hydrosphere). 
Qualitatively at least, the long-term increase in 
organic carbon concentrations of clays of the Rus- 
sian Platform appears to be paralleled by a world- 
wide increase in hydrocarbon concentrations from 
late Precambrian to Mesozoic and Tertiary rocks. 
Whether these relationships result primarily from 
temporal variations in the primary productivity of 
the ancient biosphere, or whether other time- 
dependent factors intervene and override, such as 
diagenetic (metamorphic) modifications of the hy- 
drocarbon precursors in sedimentary organic mat- 
ter or erosional, structural, or thermal events that 
reduce sedimentary rock volume, rock porosity, or 
the effectiveness of hydrocarbon traps, remains to 
be examined quantitatively Quantitative data are 
needed regarding variations in the hydrocarbon con- 
centrations of Phanerozoic rocks as a function of 
geologic age and depth of burial (thermal history). 
Unfortunately, only a start has been made toward 
that goal, and that only coincidentally as a result of 
commercial prospecting for petroleum and natural 
gas. 


PRODUCIBLE HYDROCARBON ASSESSMENT 


Compared with the tremendous efforts that have 
been expended in the industrial search for commer- 
cially producible fluid hydrocarbons (especially in 
the United States and elsewhere in North America), 
the previously mentioned efforts to assess the or- 
ganic carbon contents of sedimentary rocks, im- 
pressive and valuable as they are, are completely 
overshadowed. In the United States alone, more than 
2,222,300 wells, totalling 7 billion feet of hole in 
all (R. F. Meyer, oral commun., Jan. 25, 1973), 
have been drilled in the search for petroleum and 
natural gas. Most of those holes were located after 
much deliberation, on the basis of substantial sci- 
entific and technical data expertly evaluated. They 
were drilled either to exploit hydrocarbon reservoirs 
already known to exist from prior exploratory drill- 
ing, or as “wildcats’” with the specific objective of 
evaluating scientific hypotheses advanced by tech- 
nical advisors who suggested the possibility of find- 
ing abnormally rich concentrations of hydrocarbons; 
concentrations large enough and sufficiently ener- 
gized that part of the crude chemicals could be pro- 
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duced profitably to the surface. The results of such 
endeavors can be regarded in a sense as a rock- 
hydrocarbon assessment of sorts; not of the total 
hydrocarbon content of sedimentary rocks of all 
types, but a sampling of that fraction of the total 
organic matter which was mobilized sufficiently at 
one time or another to have been expelled from its 
source stratum and enabled to migrate through per- 
meable pathways toward regions of lowered pres- 
sure (ultimately the atmosphere), and to be trapped 
along the way to accumulate more-or-less tempo- 
rarily in a producible and findable reservoir. 

The industrial search for commercial hydrocar- 
bons has not been a random search, except locally 
to a minor degree. Therefore, the results of the 
search cannot be treated in all regards as data 
gathered randomly or according to some consciously 
designed sampling scheme. For example, rocks at 
great depth have been prospected much less thor- 
oughly than rocks at shallower depths because of 
economic considerations. (Shallow reservoirs have 
been easier to find and cheaper to exploit, and shal- 
low discoveries provided sufficient production to 
serve the needs of the United States until recently.) 
Similarly, reservoirs associated with structural 
traps, especially anticlinal traps, have been subject 
to a more diligent search than a variety of other 
more subtly-trapped accumulations because explora- 
tion techniques thus far available are best suited to 
structural mapping. In attempting to use the sta- 
tistical data resulting from the search for petroleum 
and natural gas, limitations (or sampling bias) such 
as these should be kept in mind. 

Limitations of another sort should be explicitly 
recognized. To a very large extent, the most reliably 
useful data available from drilling for hydrocarbons 
are the records of the amounts and kinds of fluids 
produced. These have been measured. Less reliable 
and much more difficult to interpret are estimates 
of the producible “proved reserves,’ or of the 
amounts of crude oil or natural gas “initially in 
place” in a reservoir or field. Such estimates depend 
not only upon interpretations of a variety of diffi- 
cult geologic and engineering measurements, but 
also in part upon assessments of variable economic 
factors. “Cumulative production” plus “proved re- 
serves” constitute that fraction that is known or 
judged to be economically and physically extract- 
able of the hydrocarbons “initially in place” in a 
reservoir. Statistical data from the United States 
indicate that currently an average of 30 percent of 
the ‘‘oil in place’ and 80 percent of the “gas in 
place” are economically extractable (Moore, 1970a, 
p. 1388; Elkins, 1971). Keeping these limitations in 
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mind, let us examine the data available from drill- 
ing and production. 

Cumulative production of crude oil through 1971 
was 264 billion barrels for the world and 97 billion 
barrels from the United States. Proved reserves for 
the world and the United States are 632 and 381! 
billion barrels, respectively (see fig. 61). World and 
U.S. cumulative production for natural gas are 620 
and 415 trillion cubic feet, respectively, and proved 
reserves are 1,725 and 279 trillion cubic feet, re- 
spectively. When dissected and examined in detail, 
these figures reveal that the known commercially 
producible hydrocarbons in the world and the United 
States are distributed extremely unevenly, but ac- 
cording to the following general and important 
regularities. 

Of overriding importance is the fact that a very 
large percentage of the total oil (and gas) occurs 
in a very small percentage of all known accumula- 
tions. More than 85 percent of the world’s hydro- 
carbon production plus reserves occur in less than 
5 percent (238 fields) of all producing accumula- 
tions. Even more remarkable, 65 percent of the 
hydrocarbons (petroleum and gas) occursin slightly 
over 1 percent of all fields—the 55 “supergiants” 
(a billion barrels or a trillion cubic feet or more; 
Halbouty and others, 1970; Klemme, 1971), and an 
astounding 15 percent occursin only two immense 
accumulations in the Middle East region (Ghawar 
field in Saudi Arabia and Burgan field in Kuwait). 
In smaller areas similar conclusions hold. For ex- 
ample, Halbouty (1968) showed that of the 22,898 
oil and gas fields in the United States as of January 
1, 1968, only 308 (1.33 percent) will yield about 60 
percent of the presently estimated ultimately pro- 
ducible hydrocarbons. The importance of this ten- 
dency was first clearly stated by Heald (1950, p. 
15). “If we are concerned with our future, we will 
study the record of major discoveries, the distribu- 
tion of major fields, the geological conditions under 
which they exist, and will strive to recognize the 
areas wherein major discoveries are now unlikely 
or impossible as well as those in which major fields 
may be.” 

Almost equal in importance to the tendency for 
a few accumulations to contain most of the pro- 
ducible hydrocarbons is the tendency for those hy- 
drocarbons to occur with greatest frequency and 
abundance in geologically young rocks. Halbouty 
and others (1970) provide the most recent data that 
show how the world’s known oil and gas are dis- 


1 Estimate by American Petroleum Institute. S. P. Schweinfurth, U.S. 
Geological Survey, estimates U.S. proved reserves at 45 billion barrels 
(oral commun., Feb. 9, 1973). 
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tributed according to the age of the reservoir rocks. 
Their data (fig. 58) show 29 percent to be Cenozoic 
(0-74 m.y.b.p. (million years before present) ), 57 
percent to be Mesozoic (74-200 m.y.b.p.), 8 percent 
to be Permian (200-225 m.y.b.p.), and less than 6 
percent to be pre-Permian in age. For comparison, 
Radchenko (1968, table 50) gives, on the basis of 
“data up to 1960,” 49.4, 21.5, 4.7, and 24.4, respec- 
tively, as the percentages of total world cumulative 
production for the same four stratigraphic intervals. 
Current estimates for the United States yield per- 
centages that are significantly different from either 
set of world percentages (fig. 58). The percentages 
of known producible hydrocarbons from U.S. reser- 
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voir rocks of both Cenozoic and Paleozoic ages are 
much higher than the world percentages, and that 
for Mesozoic reservoirs are much lower. These dif- 
ferences reflect the strong influence of the vast 
reserves in the Middle East (more than 62 percent 
of the world reserves), a large part of which are in 
reservoirs of Mesozoic age. Considering only pro- 
duction and reserves from “giant” fields outside the 
Persian Gulf region, Tertiary, Mesozoic, and Paleo- 
zoic rocks contain 40, 39, and 21 percent, respec- 
tively, of the total producible reserves. As offshore 
exploration and development in the United States 
continue, the U.S. percentages for Cenozoic and 
Mesozoic hydrocarbons will doubtless increase at 
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Ficure 58.—Age-dependent variations in produced and proven reserves of oil and gas for the United States and the world. 
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the expense of the percentage of Paleozoic oil and 
gas because of the volumetric predominance of 
Cenozoic and Mesozoic marine strata beneath all 
U.S. continental shelves (Weeks, 1971, p. 99; Gilluly 
and others, 1970, especially p. 368). The fivefold 
larger average volume of geologically very young 
pools than pools in most Mesozoic and Paleozoic 
rocks (Hopkins, 1950, fig. 4) is of importance in 
relation to this fact. 

Not only the relative amounts, but also to some 
degree the chemical and physical characteristics of 
crude oils depend systematically upon the geologic 
age of the rocks in which they occur. Statistical 
comparisons of crude oil properties from U.S. fields 
(and a few Venezuelan and Canadian fields) over 
a wide range of geologic ages and depths (Hopkins, 
1950, fig. 1; McNab and others, 1952; Biederman, 
1965) show beyond doubt that petroleums of low 
density occur with greater frequency in Paleozoic 
rocks and that those of high density make up the 
greatest proportion of crudes in Tertiary rocks. 
Furthermore, the older crude oils show a clear ten- 
dency toward a higher percentage content of low 
molecular weight fractions and a low content of 
oxygen- and nitrogen-containing materials. The 
young crude oils contain appreciable amounts of 
oxygen- and nitrogen-containing compounds, more 
like the organic precursors from which they evolved. 
Evidently, a progressive time-dependent evolution 
or maturation occurs from dense crude oils rich in 
large cyclic compounds, forming early and tending 
to occur in young sedimentary rocks, to less dense 
crude oils composed of more paraffinic compounds 
of lower molecular weights and more characteristic 
of older rocks. Perhaps this is why 50 percent of 
the hydrocarbons reservoired in U.S. “giant” fields 
of Paleozoic age are gas (Halbouty and others, 
1970, p. 582). However, hydrocarbon composition 
is influenced strongly not only by the length of time 
it has had to mature, but also by the depth (tem- 
perature) to which it has been subjected, and to 
some extent by compositional characteristics of the 
source materials (Martin and others, 1963; Dean 
and Whitehead, 1964; Hedberg, 1968) ; thus, simpli- 
fied interpretations of compositional data are gen- 
erally risky and equivocal. 

The influence of depth of occurrence on hydro- 
carbon composition has long been recognized 
(White, 1915; Barton, 1934; Hopkins, 1950; McNab 
and others, 1952; Biederman, 1965; Landes, 1967). 
Hudson (1968, p. 1383) emphatically underscored the 
empirical fact that commercial quantities of crude 
oil do not occur in the United States at depths 
greater than about 20,000 feet and are unlikely to 
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occur deeper than about 16,000 feet. Phase rela- 
tions among the compounds of petroleum and natu- 
ral gas indicate that only the simple hydrocarbon 
compounds in a gaseous phase can exist at tempera- 
tures and pressures prevalent at depths of about 
20,000 feet or more (Halbouty and others, 1970, p. 
533). At shallower depths (and lower temperatures) 
than those beyond which hydrocarbons do not per- 
sist as liquid petroleums, other depth-dependent 
variations in petroleum composition occur. Specific 
gravity of deep crude oil is statistically lower than 
that of shallow oil of the same age, and the deeper 
crude oil contains higher proportions of lower 
molecular weight compounds (McNab and others, 
1952, p. 2558-2560). Thus, it appears clear that the 
higher temperatures imposed by great depth of 
burial affect petroleum maturation and hydrocarbon 
alteration in much the same way as do extended 
periods of time. This in turn poses several questions 
of fundamental and practical importance, such as: 
Through what depth range are earth temperatures 
appropriate to cause thermal disintegration of the 
disseminated organic matter in sedimentary rocks 
to form liquid and gaseous hydrocarbon compounds? 
How do such thermal disintegration processes affect 
the residual organic matter (both the kerogen and 
the solvent-soluble fraction) left behind dispersed 
through the rock? By what mechanisms do newly- 
formed fluid hydrocarbons migrate from minute 
interstitial capillary openings in fine-grained rocks 
into units permeable enough to serve as reservoir 
rocks? What is the fate of relatively immature dense 
petroleum, containing minor proportions of low 
molecular weight compounds, if subjected to ele- 
vated temperatures attendant upon subsidence and 
deep burial of an initially shallow accumulation? 
A very large amount of work has been done in the 
search for answers to these questions and still only 
partial answers exist. Let us defer further consid- 
eration of the questions until more of the pertinent 
facts have been summarized. 

Just as petroleum quality (composition) is dis- 
tinctively dependent upon reservoir depth so, for 
discovered hydrocarbons, is petroleum quantity. In 
his pioneer treatment of the exceptional importance 
of exceptionally large hydrocarbon accumulations, 
Heald (1950, p. 19-20) explicitly recognized that 
most petroleum and gas occurs in reservoirs at 
depths shallower than 10,000 feet. He stated, “If 
history is a dependable guide, the existence of pro- 
ducible oil or gas at a depth of not more than 6,500 
feet, is almost a prerequisite if a major field is to 
be opened.” On the basis of worldwide production 
statistics available through 1960, Radchenko (1965, 
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p. 213 of 1968 translation) calculated the following 
percentages of petroleum production volume accord- 
ing to depth ranges for all fields. 


Production 


Depth (percent of 

(meters) (feet) total volume) 
<500 1640" Speen eee 6.9 
500—1,000 1,640=3,280 =-=--=-___ 32.3 
1,000—1,500 3280-41920 pee 26.1 
>1,500 340920" Soee oe eee 34.7 


Virtually two-thirds of all oil produced up to 1960 
came from reservoirs shallower than 1,500 meters. 
For the 45 North American oil fields recognized as 
containing ultimate recoverable reserves of 500 
million barrels or more (Moody and others, 1970, p. 
11 and fig. 11) and comprising “35 percent of the 
continent’s total ultimate recovery,” the average 
reservoir depth peaks sharply at about 4,000 feet 
(averaged on the basis of volume of ultimately 
recoverable reserves), and almost no reservoirs lie 
below 14,000 feet. These and like statistics, based 
on a great deal of exploratory drilling and produc- 
tion, lead one to conclude that most, if not all, com- 
mercially producible crude oil reservoirs occur at 
depths shallower than 20,000 feet and that more 
than one-half of the ultimate petroleum production 
of the world will come from depths shallower than 
10,000 feet (and possibly from depths shallower 
than 5,000 feet). 

The reasons for such findings obviously are of 
the greatest possible practical importance, and they 
are to be found above all in the fact that total 
porosities of clastic sedimentary rocks, including 
reservoir sandstones, diminish regularly with in- 
creasing depth because of gravitational consolida- 
tion following burial (Athy, 1980; Hedberg, 1936; 
Dallmus, 1958; Maxwell, 1964; Atwater and Miller, 
1965; McCulloh, 1967). ‘‘This decrease in porosity 

. is the most important single factor controlling 
the amount of oil or gas in place per unit volume of 
sandstone reservoir rock” in the Tertiary strata of 
the United States Gulf Coast region (Atwater and 
Miller, 1965). Lithology, geologic age, and varia- 
tions in geothermal regime are some of the compli- 
cating factors, but notwithstanding these, porosi- 
ties of most clastic rocks approach limiting values 
close to 5 percent at depths of 10,000 to 20,000 
feet, whereas average resorvoir porosities in excess 
of 30 percent are possible (and commonplace in 
young sedimentary rocks) at depths shallower than 
4,000 feet (McCulloh, 1967, fig. 4). Shallow depths, 
high sandstone porosities, large reservoir volumes, 
and large hydrocarbon reserves (and production) all 
go together. Porosities of reservoir rocks of other 
lithologies follow more complicated rules, and it 
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would be of considerable interest to determine 
whether or not petroleum from other than sandstone 
reservoir rocks predominates in the fraction pro- 
duced from depths greater than 10,000 feet. 

The data have been reviewed which show that 
petroleum and natural gas are distributed extremely 
unevenly through the earth’s sedimentary mantle. 
Most of the commercially producible volumes of 
hydrocarbons that have been discovered to date 
occur in Tertiary and Mesozoic marine strata; more 
than half occurs in Mesozoic and Tertiary reser- 
voirs of the Persian Gulf region. Between one-half 
and two-thirds of the petroleum occurs in reservoirs 
less than 10,000 feet deep, and essentially all com- 
mercial oil production is from depths shallower than 
20,000 feet. Crude petroleum composition depends 
statistically upon depth and geologic age and only 
to a minor extent on original depositional environ- 
ment. Shallow or young oil tends to be dense and 
chemically complex and exhibits strong similarities 
to altered biogenic precursors found in young non- 
lithified sediments. Deep or old oil tends to be light, 
chemically simple, and has a high content of low 
molecular weight paraffinic compounds. Reservoirs 
at depths of 20,000 feet and more contain gas only, 
although there is a gradual downward transition 
from deep accumulations of crude oil rich in dis- 
solved ‘‘gas” and gasoline fractions, through reser- 
voirs containing natural gas liquids (NGL), to 
natural gas reservoirs in which only minor quanti- 
ties of higher molecular weight compounds occur. 
If meaningful prognostic predictions are to be made 
of where and in what amounts producible accumu- 
lations of petroleum and natural gas may occur, one 
must recognize not only that the distribution of 
fluid hydrocarbons in sedimentary rocks and basins 
is extremely uneven (although subject to certain 
broad general patterns), but a substantial under- 
standing of the underlying physical and chemical 
reasons for their uneven distribution is needed. We 
must have an understanding of the nature of the 
processes by which organic detritus interred in 
sediment is transformed to protopetroleum and 
thence to fluid hydrocarbons capable of migration, 
and of the chemical and physical processes by which 
such mobilized hydrocarbons are expelled from 
source rocks and trapped during their migrations 
to form commercial accumulations. 


FLUID HYDROCARBONS FROM 
SEDIMENTARY ORGANIC DETRITUS 


Laboratory pyrolysis experiments (Hunt, 1962; 
Abelson, 1964) and extraction experiments (Welte, 
1966) performed on kerogen-bearing rock indicate 
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that saturated paraffins and aromatic hydrocarbons 
are released from kerogen when heated and are 
removable in solution in hot oil-field brine. Field 
observations of the stages in the progressive dia- 
genesis and metamorphism of coals and particulate 
coaly matter contained in sediments buried to dif- 
ferent depths, and from which hydrocarbons have 
been expelled, provide one means for gauging that 
potentially fluid hydrocarbons are released during 
natural thermal diagenetic transformations of or- 
ganic matter (White, 1915; Teichmiiller, 1958; 
Brooks, 1970) through a wide range of depths, from 
probably less than 5,000 feet to almost certainly 
more than 15,000 feet, depending upon local geo- 
thermal gradients and duration of maturation con- 
ditions. Such conclusions have been reached inde- 
pendently by comparing presumably related reser- 
voir and source rock hydrocarbon compositions 
(Baker, E. G., 1962) coupled with observations of 
depth-dependent variations in ratios of hydrocarbon 
carbon to total noncarbonate organic carbon (Phi- 
lippi, 1957 and 1965). They are in excellent quanti- 
tative agreement also with some results of studies 
of depth-dependent variations in gross composition 
of dispersed organic and bituminous matter in non- 
reservoir strata (Larskaya and Zhabrev, 1964; 
Neruchev, 1964). Together with interpretations of 
systematic relations observed among the distinctive 
carbon isotopic compositions of natural organic sub- 
stances (including natural gases, petroleum gases, 
specific petroleum fractions, whole petroleums, solid 
hydrocarbons, asphaltenes and tars, kerogen, coals, 
and unaltered biogenic materials), these results sug- 
gest that progressive low-temperature decomposi- 
tion or thermal cracking of protopetroleum, com- 
posed importantly of high molecular weight com- 
pounds derived in substantial part from plant lipids, 
accounts for all the chemical relationships thus far 
observed (Silverman and Epstein, 1958; Silverman, 
1964; Frank and Sackett, 1968; Vinogradov and 
Galimov, 1970; among others). Further research 
on the kerogen fraction of fine-grained interstitial 
organic matter of sedimentary rocks is badly needed 
to help clarify in very young and very old sedi- 
mentary rocks both the shallow and deep limits of 
depth (temperature) at which diagenesis makes 
parents of organic precursors of fluid hydrocarbons. 
Such research would probably be facilitated by ap- 
plying electron spin resonance and infrared spec- 
troscopic techniques in the search for additional 
reliable compositional data, especially C/H ratios 
(Marchand and others, 1969), that the coal studies 
have suggested may be important temperature in- 
dices. More research is also needed on the observ- 
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able effects of later thermal alteration or destruction 
of petroleum which accumulated during an earlier 
episode of hydrocarbon release and migration in a 
reservoir at shallow or moderate depth. Sufficient 
evidence is available now to say that even mature 
petroleum rich in paraffinic compounds of relatively 
low molecular weight undergoes further thermal 
cracking if subjected to sufficiently high tempera- 
tures (Evans and others, 1971, p. 151-153) and 
would break down ultimately to highly fugacious 
methane on the one hand and solid graphitic carbon 
on the other. These are also the ultimate products 
of thermal degradation of the insoluble organic resi- 
dues that remain in nonreservoir strata, or for that 
matter of coal. 

The metalloporphyrins of many crude oils are not 
only evidence of a biological origin for the petro- 
leums, but they also set a limit on the temperature 
at which the transformation from sedimentary or- 
ganic detritus to petroleum constituents occurs. 
Green porphyrin pigments, decay derivatives of 
chlorophyll, are commonly present in fine-grained 
marine and lake sediments. Through a series of 
hydrogenation and decarboxylation steps, sediment 
porphyrins may be diagenetically altered to metal- 
loporphyrins containing vanadium or nickel such 
as occur in petroleum. The thermal stability of such 
compounds is such that they do not survive at tem- 
peratures above 200°C (Welte, 1965, p. 2257), and 
they thus set an upper limit on the temperature of 
the transformation process responsible for their 
presence in a petroleum. Unfortunately, there is no 
certainty that all constituents of a crude oil origi- 
nated at the same time or place or at the same 
temperature. It would be a matter of some inter- 
est, however, to attempt to determine the depth of 
disappearance of metalloporphyrins from crude oils 
of widely differing depths (but confined to particu- 
lar stratigraphic horizons), as a means of deter- 
mining whether or not the various crude oils repre- 
sent fractions of one or more phases of petroleum 
genesis. 


PETROLEUM MIGRATION AND ENTRAPMENT 


Once formed, fluid hydrocarbons must be expelled 
from the capillary pores of the fine-grained organic- 
rich source rocks before migration, entrapment, and 
accumulation can occur in shallower permeable res- 
ervoir rocks. The expulsion mechanism is not well 
understood, although it probably is complex. Ex- 
pulsion may occur simply because of differential 
capillary pressure exerted because of two-phase 
fluid saturation of adjacent rocks of differing capil- 
lary sizes (Washburne, 1915, especially p. 832-834; 
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Hubbert, 1953, p. 1979; Gussow, 1954, p. 821). 
Alternatively, hydrocarbons may dissolve in hot 
aqueous pore waters under pressure, either directly 
(Uspenskii, 1962, p. 1161; McAuliffe, 1966; Mein- 
chein, 1959) or with the solubilizing assistance of 
organic “soaps” (Baker, D. R., 1962). In either case, 
porosity reduction because of gravitational com- 
paction through continuing subsidence and loading 
(sedimentation) tends to express the pore waters 
and their dissolved or emulsified hydrocarbons from 
the finer grained and less permeable source rocks 
into coarser grained and more permeable (and por- 
ous) carrier and reservoir beds (Athy, 1980; Hed- 
berg, 1936; Uspenskii, 1962, p. 1163; Philipp and 
others, 1963; Magara, 1969). Thermal recrystalli- 
zation and dehydration (diagenesis or eometa- 
morphism of clays or other hydrous mineral phases) 
in source rocks depressed to depths of thousands of 
meters provide further opportunities for flushing of 
dissolved or suspended hydrocarbons (Burst, 1969; 
Magara, 1969) into reservoir rocks or carrier beds. 
The underground temperature gradient in sediments 
and sedimentary rocks favors the “primary migra- 
tion” of oil from source beds by stimulating dehy- 
dration reactions in the clay minerals which tend 
to decrease mineral adsorption capabilities in deeper 
levels (Snarskiy, 1962), by providing a temperature- 
dependent adsorption gradient favoring movement 
of hydrocarbons from regions of higher to regions 
of lower temperature (Watts, 1963), by stimulating 
upward diffusion along the temperature gradient 
(Watts, 1963; Witherspoon and Saraf, 1964), and 
by establishing local inter-pore or inter-bed pressure 
gradients because of the large volumetric expansion 
of hydrocarbons, as compared to water or brine, 
subjected to a temperature increase (McCulloh, 
1967). 

In a subsiding depositional basin, a number of 
processes all work hand in hand. These include 
physical depression of petroleum source rocks, aug- 
mentation of rock temperature, chemical transfor- 
mation of organic precursors to hydrocarbon con- 
stituents of petroleum and natural gas, loading and 
gravitational rock compaction with attendant reduc- 
tion of pore space, and the establishment of tem- 
perature and pressure gradients along which ex- 
pressed pore water and entrained or diffused 
mobile hydrocarbons tend to migrate toward the 
surface. The greater the depth, the higher the tem- 
perature and the simpler (molecularly) the mobile 
(liquid or gaseous) hydrocarbon phases that are in 
thermal equilibrium with the environment. The 
greater the depth, the higher also the confining 
pressure, and the greater the tendency of thermally 
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energized (and potentially greatly expandable) mo- 
bile hydrocarbon phases to escape to lower pressure 
regions. No wonder that for many years courts of 
law in the United States classed oil and gas as 
“fugacious minerals” or “minerals ferae naturae’— 
wild beast minerals (Hedberg, 1971, p. 15). 
“Primary migration” apparently can begin when 
suitable source rocks have been depressed to a depth 
of 500-600 meters or more (Philipp and others, 
1963; Welte, 1965, p. 2263), although considerable 
evidence suggests that about 1 kilometer may be a 
more general upper limit (Welte, 1972, p. 122). 
During basin subsidence, an oil source rock can 
undergo progressive geochemical development dur- 
ing which an evolutionary series of hydrocarbons 
are generated under gradually higher temperature 
conditions. “Primary migration” of these hydrocar- 
bons proceeds at least as long as gravitational com- 
paction continues to reduce source rock porosity and 
diagenetic alteration of clays continues to release 
unbound water for expulsion. “Primary migration” 
merges into “secondary migration,” in which hydro- 
carbons expelled from fine-grained source rocks 
begin to move more freely through coarser-grained 
carrier beds (or fractures) having physical charac- 
teristics of reservoir rocks. If permeable avenues 
exist to permit the expressed fluids egress directly to 
the surface, the hydrocarbons escape more-or-less di- 
rectly. If, on the other hand, the carrier beds pro- 
vide no direct or unimpeded avenue of escape to 
the atmosphere, the ultimate dumping ground for 
all mobilized hydrocarbons, trapping occurs in re- 
gions of minimum pressure along potential paths 
toward the surface, and petroleum or natural gas 
accumulations are formed. Throughout the migra- 
tion process, no matter what the mechanism, the 
tendency for the migrating fluids is to attain the 
most stable state (generally the lowest level of po- 
tential energy) possible. This tendency is consistent 
with the expulsion of fluid hydrocarbons from fine- 
grained source rocks and with their migration 
across strata or through carrier beds or fractures 
toward the surface from deep regions of higher 
temperature and greater confining pressure. The 
tendency is also consistent with aggregation of hy- 
drocarbons into accumulations in local regions of 
lower pressure where they displace all but films of 
the water in the rock pores; with long-continued 
slow leakage of hydrocarbons (selectively the low- 
molecular weight compounds) from large accumu- 
lations; and with the well-known propensity for oil 
and gas wells to “blow out” or “go wild,” releasing 
their “minerals ferae naturae” abruptly (and with 
potential destructiveness) to the atmosphere. 
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Entrapment of fluid hydrocarbons occurs wher- 
ever their tendency to escape to the atmosphere is 
interrupted or significantly impeded by any imper- 
vious or relatively impermeable barrier having a 
geometry suitable to hydrocarbon aggregation and 
accumulation, rather than to diversion. Both static 
(lithologic or mineralogic) and dynamic (hydrody- 
namic) barriers are effective, and an almost infinite 
variety of reservoir “traps” (McCullough, 1934) 
occur, the classical example of which, the anticlinal 
dome, consists of an upfolded (inverted cup-shaped) 
stratum of a porous permeable reservoir rock capped 
by a layer of shale, anhydrite, or other rock rela- 
tively impermeable to penetration by or transmis- 
sion of large hydrocarbon molecules. Petroleum or 
natural gas constituents migrating gravitationally 
up-dip along natural escape routes through the per- 
meable stratum are diverted toward the locus of 
minimum fluid pressure at the dome crest where they 
tend to be trapped and aggregate to form an anti- 
clinal “pool” or reservoir. No attempt is made here to 
describe the myriads of other kinds of “traps” that 
have been recognized (Levorsen, 1954, p. 138-282). 
Any region of porous and permeable rock is a 
“trap” if it is connected more or less directly with 
pathways along which hydrocarbon fluids migrate 
(or once migrated), either in aqueous solution or 
as discrete intergranular filaments, droplets, glob- 
ules, or slugs, and if it is enveloped or sealed up-dip 
(downstream from a potential viewpoint) by a 
barrier that prohibits hydrocarbon escape. When a 
petroleum or natural gas accumulation is opened by 
drilling, the fugacious hydrocarbon contents are per- 
mitted to resume their journey to the atmosphere. 
There they are ultimately oxidized, one way or 
another, to carbon dioxide and water, thereby bring- 
ing to completion the cycle that began (in some 
instances hundreds of millions of years earlier) 
with photosynthetic fixation of carbon in the or- 
ganic compounds of living plants. The ultimate fate 
of most hydrocarbon accumulations that are not 
opened by drilling is to very slowly leak their con- 
tents to the surface (hence the historical impor- 
tance to petroleum exploration of surface seepages, 
and the continuing efforts to understand surface 
geochemical anomalies and to develop practical geo- 
chemical prospecting methods (Pirson, 1970, p. 
208-239; Armstrong and Heemstra, 1972) ). Other 
accumulations are opened by erosion at the surface 
following tectonic uplift, oxidized gradually through 
the actions of oxygenated waters circulating from 
the surface, or degraded by bacterial decay (World 
Oil, 1972). Doubtless the relative scarcity of geo- 
logically ancient petroleums is partly due to their 


487 


fugitive nature in relation to the abundant oppor- 
tunities for escape through geologic time. Possibly 
the fivefold to fifteenfold greater average volume of 
Pliocene than older reservoirs in the United States 
(Hopkins, 1950, fig. 4) is thus explainable. 

Figure 59 is an attempt to portray diagrammatic- 
ally, but semiquantitatively, a few of the more con- 
spicuous or diagnostic steps in the evolution of fluid 
hydrocarbons (such as comprise petroleum and 
natural gas) from organic debris interred in sedi- 
ment and subjected to progressively higher tem- 
peratures upon burial in a subsiding basin. 
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Oil and gas fields are effective hydrocarbon traps 
that have been discovered through human resource- 
fulness. In general, those traps that have been dis- 
covered are those that are conspicuous (from the 
viewpoint of the host of exploration techniques that 
have been invented and employed), are of very large 
size, or are located in regions that have undergone 
thorough prospecting. Remaining to be discovered 
are innumerable small reservoirs, large reservoirs 
that are inconspicuous (when subjected to the ex- 
ploration techniques available), and traps of all 
sizes in regions that have not yet been prospected 
thoroughly or at all. 

Who can say what the undiscovered resources of 
petroleum and natural gas are of the world or the 
United States? What are the incentives for seeking 
still more sophisticated and effective methods of 
exploring for undiscovered traps? In considering 
these questions one must keep in mind that not all 
subsurface hydrocarbon accumulations are worth 
finding. For every accumulation that can be found 
and produced economically, there are doubtless many 
accumulations of such small size that the volumes 
of hydrocarbons producible are insufficient to repay 
the costs of finding (including as they do the very 
great costs of drilling and completing the well, the 
high costs of exploration, and of all other efforts 
associated with such a technologic exercise). Under 
these circumstances it is obvious that small shifts 
in the supply/demand ratio for petroleum and 
natural gas bring about substantial shifts in num- 
bers of accumulations and volumes of hydrocarbons 
from the paramarginal to the recoverable category. 
Similar effects are brought about by incremental 
improvements in exploration or exploitation tech- 
nology. One must also keep in mind in considering 
these questions that the purposeful discovery of 
fluid hydrocarbons is a human endeavor, and one 
in which people have not been long engaged. Very 
large areas of the earth, especially portions of the 
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FIGURE 59.—Selected diagnostic and critical steps in the genesis and migration of petroleum and natural gas from sedi- 
mentary organic matter. 
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seabed, have yet to be adequately explored geo- 
logically (Weeks, 1971). Our techniques for identi- 
fying hydrocarbon traps, or even those areas that 
especially favor hydrocarbon accumulation, are very 
imperfect. On both counts, the results of petroleum 
exploration to date serve as an inadequate baseline 
upon which to project results of future exploration. 
Nevertheless, the results of past exploration provide 
the most reliable single guide that we have. 

A decision must be made at the outset as to what 
will be an acceptable minimal sample unit or base- 
line if one is to attempt to use results of past ex- 
ploration as a guide to future projections. For 
example, if one were to estimate the ultimate re- 
coverable hydrocarbon resources of the United 
States on the basis of the productivity per square 
mile of surface area (or per cubic mile of sedi- 
mentary rock volume) of either the immensely pro- 
ductive Los Angeles Basin or the totally unpro- 
ductive Imperial Basin, both Cenozoic basins of 
Southern California, the results in each case would 
be grossly in error. In the same way, estimations 
for unexplored regions would almost certainly be in 
error if the regional historical statistical data from 
either the aberrantly rich sedimentary areas or 
volumes of the Middle East or the exceptionally 
impoverished ones of Italy and the Adriatic Sea 
were to be used as guides. Out of ignorance and 
limited capability, one is tempted in such efforts to 
select the base unit to be an area as thoroughly 
explored and as large and diverse as possible, 
thereby hoping that an average of such extreme 
results as those from the Los Angeles and the Im- 
perial Basins will somehow result and give a more 
meaningful blend. As a practical matter, one works 
with what is available, recognizing as he does that 
a fruitful field for further research awaits signifi- 
cant attack, and knowing that one thing needed is 
a sound measure of the frequency distribution of 
hydrocarbon productivity per unit of rock volume 
for a large enough number of depositional basins 
to provide a population curve representative for the 
world. There are few “Los Angeles Basins’ in the 
world, and probably not many “Imperial Basins.” 
Somewhere between these two extremes is the peak 
of a geologically composite population curve sta- 
tistically applicable to totally unexplored basins and 
applicable with measured discrimination to geo- 
physically analyzed basins or those only partly 
explored by drilling. 

The conterminous United States (“lower 48”), be- 
cause of its political and economic unity, its com- 
paratively long and intensive history of petroleum 
exploration and exploitation, its relatively large size 
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(5.3 percent of the continental area of the earth), 
its large volume of Phanerozoic rocks (estimated 
to be 60105 km? by Gilluly and others (1970) ), and 
its great geological diversity provides “. . . the most 
meaningful statistical sample for appraising possi- 
ble ultimate potential” (Hendricks, 1965, p. 3). By 
starting with the quantity of petroleum found in the 
conterminous United States to the year 1961 and 
‘the fraction of the potentially productive rocks 
that. [had] been explored to [that] date,’ and by 
estimating the incidence of oil in the unexplored 
fraction “. . . as determined by comparison with 
the explored part,” Hendricks arrived at an esti- 
mate of 1,600 billion barrels of oil originally in place 
for the “lower 48.” He estimated further (p. 9) that 
a total of 1,000 billion of those barrels could be found 
if economic incentives were sufficient to stimulate 
additional thorough but profitable exploration, and 
that 400 billion barrels would be ultimately recov- 
erable (of which 68 billion barrels had been pro- 
duced through 1961, and 97 billion today). By con- 
trast, starting with the same basic historical records 
and data, but using a method of mathematical analy- 
sis that is in his words intrinsically “. . . compara- 
tively insensitive to error in the estimates of [ulti- 
mate cumulative production] ... ,” Hubbert in a 
series of papers (1956, 1962, 1966, 1967) concluded 
that the amount of ultimately recoverable petroleum 
in the United States is between 150 billion barrels 
for the conterminous states and about 200 billion 
barrels for the entire continental United States (in- 
cluding Alaska and the outer continental shelves). 
Hubbert’s method is one of integral logistic curve 
fitting. It is related only statistically to rocks and 
geologic parameters, and to those only through a 
variety of economic and technologie factors. Sup- 
posing that human beings will be doing in the future 
as they have in the past, so far as petroleum ex- 
ploration is concerned both technologically and from 
an investment viewpoint, Hubbert’s approach is 
unassailable. 

Hendricks was neither the only nor the first per- 
son to attempt to estimate undiscovered petroleum 
resources of the United States through an analysis 
of unexplored rocks based on analogy with historical 
results in explored areas. Twenty-three years earlier, 
Pratt (1942) published estimates of the ultimately 
discoverable and (presumably) producible petroleum 
resources of the United States and the world of 
100 billion and 500 billion barrels, respectively. The 
Pratt figures came from estimates made by Hugene 
Stebinger and L. G. Weeks “. . . based on studies... 
made of the records of past discoveries and of the 
nature and extent of sedimentary basins over the 
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earth, which had yielded or appeared likely to yield 
oil” (Pratt, 1951, p. 9). De Golyer (1951, p. 9) 
criticized the Stebinger-Weeks-Pratt methods and 
assumptions in the following terms, “any hypothesis 
of equal expectation of minable oil by volume or 
area of sediments over large areas presupposes that 
the effects of all these processes will average about 
the same or, in case of inequalities that they will 
compensate.”’ Of the figures themselves, De Golyer 
wrote, “They may be too high. They may be too low. 
I do not know. I am inclined to think that Pratt’s 
original estimate of 100 billion bbl for the United 
States may be too low even if we add 18 billion bbl 
for the continental shelves... .”’ Inasmuch as cumu- 
lative production for the United States is today 
above 97 billion barrels, with 38 billion barrels more 
already categorized as “proved reserves” capable of 
economic extraction under current technology, the 
Stebinger-Weeks-Pratt estimation of 1942 was ob- 
viously an underestimation. The comparative suc- 
cess of a subsequent basically similar partial pro- 
jection (Hopkins, 1950) leads one to ask, can we 
tell at this time that Hendrick’s 1965 estimation of 
400 billion barrels is an overestimation? 

Although Hubbert’s predictive (or projective) 
analytical procedure and results are perhaps more 
widely publicized than others, he is by no means 
the only scientist to have applied this method. Arps, 
Mortada, and Smith (1970) and Moore (1970a, b), 
provide examples of predictions made recently using 
similar mathematical analytical techniques which 
give somewhat divergent results; 165 billion bar- 
rels of “proved ultimate recovery discovered” 
(Arps and others, 1970, fig. 4) or 353 billion barrels 
(or 60 percent recoverable of 587 billion barrels of 
oil originally in place in the United States are pre- 
dicted as discoverable; Moore, 1970a, fig. F1). Does 
Moore know something that Hubbert does not to 
cause his projection to be so much higher (353 
billion versus 200 billion barrels; or versus 165 
billion in the case of Arps) ? I think not. The pro- 
jective techniques employed are all probably equally 
sound and the same basic data were entered into 
each projection. There is simply enough latitude in 
the method that such divergent results all lie within 
the range of valid results. More importantly, these 
divergences are a measure of the adequacy of the 
projective baseline, which is no doubt subject to 
further evolutionary change as economic incentives 
enlarge, as competitive pressures force improve- 
ments in conservative efficiency, and as technologic 
advances permit improved and expanded explora- 
tion (greater ability to discover smaller and less 
conspicuous traps and to exploit a larger part of 
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the resource base and a larger part of the prospec- 
tive rocks). Speaking of the annual world oil dis- 
covery rate in a similar context, Warmen (1971, p. 
97) wrote, “for a curve with such violent fluctua- 
tions, it is not possible to carry out meaningful 
mathematical analysis.” Needless to say, future 
changes in the baseline will inevitably be enlarge- 
ments. 

For the sake of easy comparison at a glance, all 
of the more authoritative estimates of future and 
ultimately producible petroleum for the United 
States have been brought together in figure 60 and 
plotted as a function of their date of publication. 
Plotted also is the gross curve of production plus 
cumulative discoveries. The reader will note that 
the many moreor less independent projections 
show a great deal of scatter (divergences such as 
those among the projections of Arps, Hubbert, and 
Moore), and that they tend to grow with the passage 
of time in a fashion that more-or-less parallels the 
growth of the curve of cumulative production plus 
reserves. Both the scatter and the tendency to grow 
are meaningful. They reflect the fact that the area 
under consideration has not remained constant 
through time—new producing regions and areas 
have been brought into the picture through com- 
binations of business enterprise, economic pressures 
of many sorts, technologie advances, and exploita- 
tion effectiveness. There is considerable room for 
continuation of this evolutionary advancement—in 
all respects. Much of the United States continental 
shelf is unexplored. Who can say at this time that 
another “‘Los Angeles Basin” doesn’t wait for dis- 
covery and exploitation beneath the waters of the 
Southern California Borderland (Emery, 1960) ? 
Who knows that there is not another “Middle Hast,’ 
for example, beneath the continental margin off the 
southern Atlantic coast of the United States, with 
another “Ghawar” accumulation (the largest single 
oilfield. yet discovered in the world) containing an- 
other “75 billion barrels of producible reserves” 
(Arabian American Oil Company, 1959; Halbouty 
and others, 1970)? The onshore-offshore region 
south of Cape Hatteras has much in common geo- 
logically with the onshore-offshore region of Saudi 
Arabia, including a very thick section of structur- 
ally simple sedimentary rocks of the same ages and 
similar lithologies beneath a very large area. Prior 
to discovery by the drill and subsequent develop- 
ment, Ghawar field was not a particularly conspicu- 
ous prospect or structure, either from surface 
geologic mapping or geophysical interpretation 
(Arabian American Oil Company, 1959, especially 
p. 487 and p. 440-443). Does anyone know that 
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Figure 60.—Estimates of ultimate producible oil resources (and ultimate oil in place) of the United States, in relation to records of cumulative production 
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another such inconspicuous “‘supergiant” does not 
lie beneath the Blake Plateau, or someplace else 
within the territorial limits of the United States? 
Although it is extremely difficult to envision cir- 
cumstances which would make the United States 
ever again economically self-sufficient in oil and gas 
(see fig. 61), until we know that the last accumu- 
lation is discovered, should we trust the estimates 
of future producible oil, no matter how elegantly 
prepared or firmly stated? To discover petroleum 
and new petroleum provinces requires an open mind, 
a desire to explore, a positive and adventurous atti- 
tude, a gambling spirit, and a will to win. Last but 
far from least, although only the drill bit can finally 
prove the presence of oil, “oil must be sought first 
of all in our minds” (Pratt, 1942, p. 49). 


SELECTED REFERENCES 


Abelson, P. H., 1964, Organic geochemistry and the forma- 
tion of petroleum: 6th World Petroleum Cong. Proc., 
1963, Frankfurt/Main, Sec. 1, p. 397—407. 

Abelson, P. H., and Hare, P. E., 1968, Recent origin of amino 
acids in the Gunflint Chert: Geol. Soc. America, Program 
with abs., 1968 Amn. mtg., p. 2. 

Arabian American Oil Company, 1959, Ghawar oil field, 
Saudi Arabia: Am. Assoc. Petroleum Geologists Bull., 
v. 48, no. 2, p. 484-454. 

Armstrong, F. E., and Heemstra, R. J., 1972, Radiometrics 
proposed for exploration: Oil and Gas Jour., June 5, 
1972, p. 88-91 and 97. 

Arps, J. J., Mortada, M., and Smith, A. E., 1970, Relationship 
between proved reserves and exploratory effort: Soc. 
Petroleum Engineers, SPE paper 2995. 

Athy, L. F., 1980, Density, porosity, and compaction of sedi- 
mentary rocks: Am. Assoc. Petroleum Geologists Bull., 
v. 14, no. 1, p. 1-24. 

Atwater, G. I., and Miller, E. E., 1965, The effect of de- 
crease in porosity with depth on future development of 
oil and gas reserves in south Louisiana [abs.]: Am. 
Assoc. Petroleum Geologists Bull., v. 49, no. 3, p. 334. 

Baker, D. R., 1962, Organic geochemistry of Cherokee Group 
in southeastern Kansas and northeastern Oklahoma: Am. 
Assoc. Petroleum Geologists Bull., v. 46, no. 9, p. 1621- 
1642. 

Baker, E. G., 1962, Distribution of hydrocarbons in petro- 
leum: Am. Assoc. Petroleum Geologists Bull., v. 46, no. 
1, p. 76-84. 

Barghoorn, E. S., Meinschein, W. G., and Schopf, J. W., 
1965, Paleobiology of a Precambrian shale: Science, v. 
148, p. 461-472. 

Barton, D. C., 1934, Natural history of the Gulf Coast crude 
oil, in Wrather, W. E., and Lahee, F. H., eds., Prob- 
lems of petroleum geology: Tulsa, Okla., Am. Assoc. 
Petroleum Geologists, p. 109-155. 

Biederman, E. W., Jr., 1965, Crude Oil composition—a clue 
to migration: World Oil, v. 161, no. 7, p. 78-82. 

Bloch, K., 1965, The biological synthesis of cholesterol: Sci- 
ence, v. 150, p. 19-28. 

Bordovskiy, O. K., 1965, Accumulation and transformation of 
organic substance in marine sediments: Marine Geology, 
v. 3, no. 1-2, p. 38-82. 


493 


Bray, E. E., and Evans, E. D., 1961, Distribution of n-para- 
ffins as a clue to recognition of source beds: Geochim. 
et Cosmochim. Acta, v. 22, no. 1, p. 2-15. 

Brooks, J. D., 1970, The use of coals as indicators of the 
occurrence of oil and gas: Australian Petroleum Explor. 
Assoc, Jour. p. 35—40. 

Brooks, J. D., and Smith, J. W., 1967, The diagenesis of 
plant lipids during the formation of coal, petroleum and 
natural gas; I, Changes in the n-paraffin hydrocarbons: 
Geochim. et Cosmochim. Acta, v. 31, p. 23889-2397. 

1969, The diagenesis of plant lipids during the forma- 
tion of coal, petroleum and natural gas; II, Coalifica- 
tion and the formation of oil and gas in the Gippsland 
basin: Geochim. et Cosmochim. Acta, v. 33, no. 10, p. 
1183-1194. 

Burst, J. F., 1969, Diagenesis of Gulf Coast clayey sedi- 
ments and its possible relation to petroleum migration: 
Am. Assoc. Petroleum Geologists Bull., v. 53, no. 1, p. 
73-93. 

Dallmus, K. F., 1958, Mechanics of basin evolution and its 
relation to the habitat of oil in the basin, in Weeks, L. 
G., ed., Habitat of oil—a symposium: Tulsa, Okla., Am. 
Assoc. Petroleum Geologists, p. 883-931. 

Day, D. T., 1909, The petroleum resources of the U.S., im 
Papers on the conservation of mineral resources: U.S. 
Geol. Survey Bull. 394, p. 30-61. 

Dean, R. A., and Whitehead, E. V., 1964, The composition 
of high boiling petroleum distillates and residues: 6th 
World Petroleum Cong., Proc., 1968, Frankfurt/Main, 
See. V, p. 261-279, Hamburg. 

De Golyer, E., 1951, On the estimation of undiscovered oil 
reserves: Jour. Petroleum Technology, Jan. 1951, p. 9- 
10. 

Dunning, H. N., 1963, Geochemistry of organic pigments, 
Chap. 9 in Breger, I. A., ed., Organic Geochemistry: 
New York, Macmillan Co., p. 367-430. 

Eglinton, Geoffrey, Hamilton, R. J., Raphael, R. A., and 
Gonzalez, A. G., 1962, Hydrocarbon constituents of the 
wax coatings of plant leaves: Nature [London], v. 193, 
p. 739-742. 

Egloff, Gustav, 1952, Oil and gas as industrial raw ma- 
terials, in Resources for freedom, Volume IV, The prom- 
ise of technology: Washington, D. C., The President’s 
Materials Policy Comm., v. IV, p. 193-204. 

Elkins, L. E., 1971, Oil recovery—past trends, future ex- 
pectations, and technological requirements: Am. Petro- 
leum Inst. Div. of Production, Preprint. 

Elliott, M. A., and Linden, H. R., 1968, A new analysis of 
U.S. natural gas supplies: Jour. Petroleum Technology, 
v. 20 [Feb. 1968], p. 135-141. 

Emery, K. O., 1960, The sea off southern California, a modern 
habitat of petroleum: New York, John Wiley and Sons, 
366. 

Evans, S. R., Rogers, M. A., and Bailey, N. J. L., 1971, 
Evolution and alternation of petroleum in western 
Canada: Chem. Geology, p. 147-170. 

Frank, D. J., and Sackett, W. M., 1968, Kinetic isotope 
effects during thermal cracking of hydrocarbons [abs.]: 
Geol. Soc. Am. Spec. Paper, 1969. 

Gehman, H. M., Jr., 1962, Organic matter in limestones: 
Geochim. et Cosmochim. Acta, v. 26, p. 885-897. 

Gilluly, James, Reed, J. C., Jr., and Cady, W. M., 1970, 
Sedimentary volumes and their significance: Geol. Soc. 
America Bull., v. 81, p. 353-376. 


494 


Gussow, W. C., 1954, Differential entrapment of oil and gas— 
a fundamental principle: Am. Assoc. Petroleum Geolo- 
gists Bull., v. 38, no. 5, p. 816-853. 

Halbouty, M. T., 1968, Giant oil and gas fields in United 
States: Am. Assoc. Petroleum Geologists Bull., v. 52, 
no. 7, p. 1115-1151. 

Halbouty, M. T., Meyerhoff, A., Dott, R., King, R. E., and 
Klemme, H. D., 1970, World’s giant oil and gas fields; 
geologic factors affecting their formation, and basin 
classification, 7x Halbouty, M. T., ed., Geology of giant 
petroleum fields: Am. Asoc. Petroleum Geologists Mem. 
14, p. 502-555. 

Hartley, Sir Harold, 1969, The future of world energy: 
New Scientist, Nov. 13, 1969, p. 3-5. 

Harvey, Hugh, 1970, Challenges facing the petroleum in- 
dustry to the year 2000: an appraisal: Fuel, v. 49, no. 4, 
p. 357-374. 

Heald, K. C., 1950, Major oil fields of the United States 
and Canada: Geol. Assoc. Canada Proc., 1950, v. 3, 
p. 13-25. 

Hedberg, H. D., 1936, Gravitational compaction of clays and 
shales: Am. Jour. Sci., 5th ser., v. 31, no. 184, p. 241- 
287. 

1968, Significance of high-wax oils with respect to 

genesis of petroleum: Am. Assoc. Petroleum Geologists 

Bull., v. 52, no. 5, p. 736-750. 

1971, Petroleum and progress in geology: Geol. Soc. 
London Jour., v. 127, p. 3-16. 

Hendricks, T. A., 1965, Resources of oil, gas, and natural- 
gas liquids in the United States and the world: U.S. 
Geol. Survey Cire. 522, p. 1-20. 

Hendricks, T. A., and Schweinfurth, S. P., 1966, The United 
States resource base 6f petroleum: U.S. Department of 
Interior, unpub. memo., Sept. 14, 1966. 

Hill, K. E., Hammar, H. D., and Winger, J. G., 1957, Future 
growth of the world petroleum industry: New York, 
The Chase Manhattan Bank, 44 p. 

Hills, I. R., Smith, G. W., and Whitehead, E. V., 1970, Hydro- 
carbons from fossil fuels and their relationship with 
living organisms: Inst. Petroleum Jour., v. 56, no. 549, 
p. 127-1387. 

Hoering, T. C., 1967, The organic geochemistry of Pre- 
cambrian rocks, in Abelson, P. H., ed., Researches in 
geochemistry, V. 2: New York, John Wiley and Sons, p. 
87-111. 

Hopkins, G. R., 1950, A projection of oil discovery—1949— 
1965: Jour. Petroleum Technology, June 1950, sec. 2, 
p. 6-10. 

House, M. R., 1968, Bursts in evolution: Adv. Sci., v. 19, no. 
82, p. 499-507. 

Hubbert, M. K., 1953, Entrapment of oil under hydrodynamic 
conditions: Am. Assoc. Petroleum Geologists Bull., v. 
37, no. 8, p. 1954-2026. 

1956, Nuclear energy and the fossil fuels: New York, 

Am. Petroleum Institute, Drilling and Production Prac- 

tice (1956), p. 7-25. 

1959, Techniques of production with application to 

the petroleum industry: Houston, Texas Shell Devel. 

Company Explor. and Production Reserves Div. Pub. 

204, 32 p. and figs. 

1962, Energy resources: Natl. Acad. Sci—Natl. Re- 

search Council Pub. 1000-D, 141 p. 

1966, M. King Hubbert’s reply to J. M. Ryan: Jour. 

Petroleum Technology, February, p. 284-286. 


UNITED STATES MINERAL RESOURCES 


1967, Degree of advancement of petroleum explora- 
tion in United States: Am. Assoc. Petroleum Geologists 
Bull., v. 51, no. 11, p. 2207-2227. 

1969, Energy resources in Resources and man: Natl. 

Acad. Sci.—Natl. Research Council, Comm. on Resources 

and Man, p. 157-242. 

1971, The energy resources of the earth: Sci. Ameri- 
can [Sept. 1971], p. 61-70. 

Hudson, H. K., 1968, Is the “song of plenty” a siren song?: 
Oil and Gas Jour., v. 61, no. 24, pv. 181-136. 

Hunt, J. M., 1962, Geochemical data on organic matter in 
sediments: Internat. Sci. Oil Conf. Proc., Budapest, pre- 
print. 

King, R. E., 1969, Oil and gas exploration and production in 
the Soviet Union, in The exploration for petroleum in 
Europe and north Africa: London, Inst. of Petroleum, 
p. 181-190. 

Klemme, H. D., 1971, What giants and their basins have in 
common: Oil and Gas Jour., March 1, 1971, v. 69, no. 9, 
p. 85-99. 

Landes, K. K., 1967, Eometamorphism, and oil and gas in 
time and space: Am. Assoc. Petroleum Geologists Bull., 
v. 51, no. 6, p. 828-841. 

Larskaya, Ye. S., and Zhabrev, D. V., 1964, Effects of stratal 
temperatures and pressures on the composition of dis- 
persed organic matter (from the example of the Meso- 
zoic Cenozoic deposits of the western Ciscaspian region) : 
Akad. Nauk SSSR Doklady, v. 157, no. 4, p. 897-900 
(English translation in Geochemistry). 

Levorsen, A. I., 1954, Geology of petroleum: San Francisco, 
W. H. Freeman and Co., 708 p. 

McAuliffe, C., 1966, Solubility in water of paraffin, cyclo- 
paraffin, olefin, acetylene, cycloolefin, and aromatic hy- 
drocarbons: Jour. Phys. Chemistry, v. 70, no. 4, p. 
1267-1275. 

McCullough, E. H., 1934, Structural influence on the accumu- 
lation of petroleum in California; Problems of petroleum 
geology: Am. Assoc. Petroleum Geologists, Tulsa, 
Okla., p. 253-307. 

McCulloh, T. H., 1967, Mass properties of sedimentary rocks 
and gravimetric effects of petroleum and natural-gas 
reservoirs: U.S. Geol. Survey Prof. Paper 528-A, p. Al— 
A50. 

McNab, J. G., Smith, P. V., Jr., and Betts, R. L., 1952, The 
evolution of petroleum: Indus. and Eng. Chemistry, v. 
44, no. 11, p. 2556-2563. 

Magara, K., 1969, Upward and downward migrations of 
fluids in the subsurface: Bull. Canadian Petroleum 
Geology, v. 17, no. 1, p. 20-46. 

Marchand, P., Libert, P., and Gombaz, A., 1969, Essai de 
caracterisation physico-chimique de la diagenése de 
quelques roches organiques “biologiquement homogenes”: 
Rev. de L’institut Frangais du Pétrole, v. 24, no. 1, p. 
3-20. 

Martin, R. L., Winters, J. C., and Williams, J. A., 1963, Dis- 
tribution of n-paraffins in crude oils and their implica- 
tions to origin of petroleum: Nature, v. 199; p. 110-113. 

Maxwell, J. C., 1964, Influence of depth, temperature, and 
geologic age on porosity of quartzose sandstone: Am. 
Assoc. Petroleum Geologists Bull., v. 48, no. 5, p. 697— 
709. 

Meinschein, W. G., 1959, Origin of petroleum: Am. Assoc. 
Petroleum Geologists Bull., v. 43, no. 5, p. 925-943. 

Moody, J. D., 1970, Petroleum demands of future decades: 


OIL AND GAS 


Am. Assoc. Petroleum Geologists Bull., v. 54, no. 12, p. 
2239-2245. 

Moody, J. D., Mooney, J. W., and Spivak, J., 1970, Giant oil 
fields of North America, in Halbouty, M. T., ed., Geology 
of giant petroleum fields: Am. Assoc. Petroleum Geolo- 
gists Mem. 14, p. 8-17. 

Moore, C. L., 1962, Method for evaluating United States 
crude oil resources and projecting domestic crude oil 
availability: Washington, D. C., U.S. Dept. of Interior, 
Office of Oil and Gas, 112 p. 

1966, Projections of U.S. petroleum supply to 1980: 

Washington, D.C., U.S. Dept. of Interior, Office of Oil 

and Gas, 13 p. 

1970a, Analysis and projection of historic patterns 

of U.S. crude oil and natural gas, in Future petroleum 

provinces of the United States—A Summary: Natl. 

Petroleum Council [July 1970], p. 133-138. 

1970b, Analysis and projection of historic patterns of 
U.S. crude oil and natural gas, appendix F in Cram, 
I. H., ed., Future petroleum provinces of the United 
States—Their geology and potential: Am. Assoc. Petro- 
leum Geologists Mem. 15, v. 1, p. 50-54. 

Murray, G. E., 1965, Indigenous Precambrian petroleum?: 
Am. Assoc. Petroleum Geologists Bull., v. 49, no. 1, p. 
3-21. 

Nagy, Bartholomew, 1970, Porosity and permeability of the 
early Precambrian Onverwacht chert; origin of the hy- 
drocarbon content: Geochim. et Cosmochim. Acta, v. 34, 
no. 4, p. 525-527. 

National Petroleum Council, 1970, Future petroleum prov- 
inces of the United States: Natl. Petroleum Council 
Comm. on Possible Future Petroleum Provinces of the 
U.S., p. 1-138. 

National Petroleum Council Committee on Effects of New 
Technology, 1967, Impact of new technology on the 
U.S. petroleum industry 1946-1965: Washington, D.C., 
Natl. Petroleum Council. 

Neruchev, S. G., 1964, Changes in the composition of the 
autochthonous bitumoids of the organic matter in argill- 
aceous rocks as effected by factors of metamorphism and 
oil extraction: Akad. Nauk SSSR Doklady, v. 157, no. 
4, p. 901-903 (English translation in Geochemistry). 

Oakwood, T. S., Shriver, D. S., Fall, H. H., McAleer, W. J., 
and Wunz, P. R., 1952, Optical activity of petroleum: 
Indus. and Eng. Chemistry, v. 44, p. 2568-2570. 

Oil and Gas Journal, 1958, [May 19, 1958], p. 114. 

1964, Crude surplus expected through 1975: Oil and 

Gas Jour., Feb. 24, 1964, p. 70-71. 

1966, An expert gives a geological approach to re- 
serve ultimate: Oil and Gas Jour., v. 64, no. 34 [Aug. 
22, 1966], p. 150-151. 

Orr, W. L., Emery, K. O., and Grady, J. R., 1958, Preserva- 
tion of chlorophyll derivations in sediments off southern 
California: Am. Assoc. Petroleum Geologists Bull., v. 
42, no. 5, p. 925-962. 

Perrodon, Alain, 1966, Géologie du pétrole: Paris, Presses 
Univ. France, 440 p. 

Philipp, W., Drong, H. J., Fiichtbauer, H., Haddenhorst, H. 
G., and Jankowsky, W., 1963, Zur Geschichte der Mi- 
gration im Gifhorner Trog: Erdél u. Kohle-Erdgos- 
Petrochemie, v. 16, p. 456-468. 

Philippi, G. I., 1957, Identification of oil-source beds by 
chemical means: 20th Int. Geol. Cong., Mexico 1956, sec. 
3, p. 25-388. 


495 


1965, On the depth, time and mechanism of petroleum 
generation: Geochim. et Cosmochim. Acta, v. 29, p. 1021— 
1049. 

Pirson, S. J., 1970, Geologic well log analysis: Houston, 
Texas, Gulf Publishing Co., 370 p. 

Pogue, J. E., and Hill, K. E., 1956, Future growth and 
financial requirements of the world petroleum industry: 
New York, Petroleum Dept., The Chase Manhattan 
Bank, 39 p. 

Pratt, W. E., 1942, Oil in the earth: Kansas Univ. Press, 
105 p. 

1950, The earth’s petroleum resources, in Fanning, 

L, M., ed., Our oil resources: New York, McGraw-Hill 

Book Co., Inc., p. 137-153. 

1951, On the estimation of undiscovered oil reserves: 
Jour. Petroleum Technology, April issue, p. 9-10. 

Pratt, Wallace E., 1956, The impact of the peaceful uses of 
atomic energy on the petroleum industry: Background 
material for the Rept. of the Panel on the Impact of 
the Peaceful Uses of Atomic Energy to the Joint Com- 
mittee on Atomic Energy, v. 2, January, p. 94. 

Radchenko, O. A., 1968, Geochemical regularities in the dis- 
tribution of the oil-bearing regions of the world: 
Jerusalem, Israel Program for Sci. Translations Ltd., 
312 p. 

Ronov, A. B., 1958, Organic carbon in sedimentary rocks (in 
relation to the presence of petroleum): Geochemistry, 
no. 5, p. 510-536. 

1968, Probable changes in the composition of sea 
water during the course of geologic time: Sedimentology, 
v. 10, no. 1, p. 25-43. 

Ronov, A. B., Mikhaylovskaya, M. S., and Solodkova, I. I., 
1965, The evolution of the chemical and mineral compo- 
sitions of sandy rocks: Geochemistry Internat., v. 2, p. 
318-371. 

Schultz, P. R., 1952, What is the future of petroleum dis- 
covery?: Oil and Gas Jour., July 28, 1952, p. 258-259, 
295-300. 

Schweinfurth, S. P., 1969, in McKelvey, V. E., Wang, F. H., 
Schweinfurth, S. P., and Overstreet, W. C., Potential 
mineral resources of the United States continental shelf 
in Public Land Law Review Commission Study of Outer 
Continental Shelf Lands of the United States, v. 4 (Ap- 
pendices): available from Natl. Tech. Inf. Service, U.S. 
Dept. of Commerce, Springfield, Virginia 22151. 

Shaw, E. W., 1919, The income and expense of natural gas 
production: Natural Gas Assoc. America, Proc., 14th 
Ann. Mtg., May 19-22, p. 479-503. 

Silverman, S. R., 1964, Investigations of petroleum origin 
and evolution mechanisms by carbon isotope studies, in 
Craig, Miller, and Wasserburg, eds., Isotope and Cosmic 
Geochemistry: Amsterdam, North-Holland Publishing 
Co., p. 92-102. 

Silverman, S. R., and Epstein, S., 1958, Carbon isotopic 
compositions of petroleums and other sedimentary or- 
ganic materials: Am. Assoc. Petroleum Geologists Bull., 
v. 42, no. 5, p. 998-1012. 

Smith, J. W., Schopf, J. W., and Kaplan, I. R., 1970, Ex- 
tractable organic matter in Precambrian cherts: Geo- 
chim. et Cosmochim. Acta, v. 34, no. 6, p. 659-675. 

Smith, P. V., 1956, Hydrocarbons in Recent marine sediments. 

Smith, P. V., Jr., 1954, Studies on origin of petroleum—occur- 
rence of hydrocarbons in recent sediments: Am. Assoc. 
Petroleum Geologists Bull., v. 38, no. 3, p. 377-404. 


496 


Snarskiy, A. N., 1962, Primary migration of oil: Petroleum 
Geology, v. 6, no. 11, p. 700-703 (of English translation). 

Tappan, Helen, and Loeblich, A. R., Jr., 1970, Geobiologic im- 
plications of fossil phytoplankton evolution and time- 
space distribution: Geol. Soc. America Spec. Paper 127, 
p. 247-340. 

Teichmiiller, Marlies, 1958, Métamorphisme du charbon et 
prospection du pétrole: Rev. Industrie Minérale, Spec. 
issue, p. 99-113. 

Trask, P. D., 1937, Inferences about the origin of oil as in- 
dicated by the composition of the organic constituents 
of sediments: U.S. Geol. Survey, Prof. Paper 186—H, p. 
147-157. 

Trask, P. D., assisted by, Hammar, H. E., and Wu, C. C., 
1932, Origin and environment of source sediments of 
petroleum: Houston, Texas, American Petroleum Inst. 
3238 p. 

Trask, P. D., and Patnode, H. W., 1942, Source beds of 
petroleum: Tulsa, Okla., Am. Assoc, Petroleum Geolo- 
gists, 561 p. 

Treibs, A., 1936, Chlorophyll—und Haminderivate in organ- 
ischen Mineralstoffen: Angew. Chemie, Bd. 49, p. 682— 
686. 

U.S. Department of Interior, 1956, Impact of the peaceful 
uses of atomic energy on the coal, oil and natural-gas 
industries: Background material for the Rept. of the 
Panel on the Impact of the Peaceful Uses of Atomic 
Energy to the Joint Comm. on Atomic Energy, v. 2, 
January, p. 82. 

1960, Resources of coal, petroleum, natural gas, oil 
shale, and tar sands in the United States and allied and 
neutral countries: Joint Comm. on Atomic Energy, U.S. 
Cong., March 1960, p. 1-48. 

U.S. Geological Survey, 1922, The oil supply of the U.S.: 
Am. Assoc. Petroleum Geologists Bull., v. 6, no. 1, p. 
42-46. 

Uspenskii, V. A., 1962, The geochemistry of processes of 
primary oil migration: Geochemistry. no, 12, p. 1157- 
1178. 

Vassoyevich, N. B., Vysotskiy, I. V., Sokolov, B. A., and 
Tatarenko, Ye. I., 1971, Oil-gas potential of Late Pre- 
cambrian deposits: Internat. Geology Rev., v. 13, no. 3, 
p. 407-418. 


UNITED STATES MINERAL RESOURCES 


Vinogradov, A. P., and Galimov, E. M., 1970, Carbon isotopes 
and the origin of petroleum: Geochemistry Internat. v. 
7, no. 2, p. 217-235. 

Warman, H. R., 1971, Future problems in petroleum explora- 
tion: Petroleum Rev., March 1971, p. 96-101. 

Washburne, C. W., 1915, The capillary concentration of gas 
and oil: American Inst. Mining Engineers Trans., v. 
50, p. 829-842. 

Watts, H., 1968, The possible role of adsorption and diffu- 
sion in the accumulation of crude petroleum deposits; a 
hypothesis: Geochim. et Cosmochim. Acta, v. 27, p. 925— 
928. 

Weeks, L. G., 1948, Highlights on 1947 developments in 
foreign petroleum fields: Am. Assoc. Petroleum Geolo- 
gists Bull., v. 32, no. 6, p. 1093-1160. 

1971, World offshore scene in rapid change: Oil and 
Gas Jour., v. 69, no. 50, p. 91-94 and 99. 

Weeks, Lewis G., 1959, Where will energy come from in 
2059: Petroleum Engineer, v. XX XI, no. 9, August 1959. 

Welte, D. H., 1965, Relation between petroleum and source 
rock: Am. Assoc. Petroleum Geologists Bull., v. 49, no. 
12, p. 2246-2268. 

1966, Extraktions experimente an 

Gesteinen: Geochim. et Cosmochim. Acta. 

1972, Petroleum exploration and organic geochemis- 
try: Jour. Geochem. Explor. v. 1, p. 117-136. 

White, C. D., 1915, Some relations in origin between coal 
and petroleum: Washington Acad. Sci. Jour., v. 5, p. 
189-212. 

White, W. S., and Wright, J. C., 1954, The White Pine 
copper deposit, Ontonagon County, Michigan: Econ. 
Geology, v. 49, p. 675-716. 

Witherspoon, P. A., and Saraf, D. N., 1964, Diffusion of 
methane, ethane, propane and n-butane in water, in 
Hobson, G. D., and Louis, M. C., eds., Advances in or- 
ganic geochemistry: Pergamon Press, p. 259. 

World Oil, 1972, Bacteria have destroyed 10 percent of 
world’s crude: World Oil, Feb. 1, 1972, p. 28-29. 

Zapp, A. D., 1961, World petroleum resources, in Domestic 
and world resources of fossil fuels, radioactive minerals, 
and geothermal energy: Prelim. repts. prepared by 
members of the U.S. Geological Survey for the National 
Resources Subcommittee of the Federal Science Council, 
Nov. 28, 1961, 9 p. 


bituminosen 


UNITED STATES MINERAL RESOURCES 


OIL SHALE 


By WILu1AM C. CULBERTSON and JANET K. PITMAN 


CONTENTS 

Page 
Abstract of conclusions ~_------------------------ 497 
IhgihROShKCOM oS ote Se ee ee a eee 497 
Oil-shale deposits in the United States _______--__-- 498 
Lacustrine oil-shale deposits ~_____-_---------- 498 
Marine black shale deposits ~--_-------------- 499 
Shale associated with coal beds --------------- 499 
IRECSOUTCES Rea aee cee. Sey ee TD ee eee eee 500 
Identified and hypothetical resources of shale oil 500 
Green) River Hormation 2222222222 =ss)=—— 500 

Chattanooga Shale and equivalent forma- 
tiONS) (eee eae eee ee ae 500 
Othersshalendeposltss === eee 501 
Foreign oil-shale deposits _--------------- 501 
Speculative resources ~------------_---------- 501 
Prospecting techniques =--_=--_-----.-_--_--=_==_-- 502 
Problems mionnresear cw ss =e. === =e eee 502 
Selectedimreferences 2-24 5_ 22-2 SURE a= eo Seka 503 

TABLES 

Page 

95. Shale-oil resources of the United States, in bil- 

lions of barrels, by grade (oil yield) of oil 
CS) ET Ni RS ES PE ee ae ee ee 500 

96. Shale-oil resources of the world (excluding the 

United States) in billions of barrels, by grade 
(oilyield)Nofxoilishal clase ee 501 


ABSTRACT OF CONCLUSIONS 


Oil shale, a fine-grained sedimentary rock containing in- 
soluble organic matter that yields substantial amounts of 
oil by destructive distillation, occurs in large volumes 
throughout the United States and the world, and constitutes 
an enormous resources of oil. Identified resources of shale 
oil in the United States total about 2 trillion barrels of oil 
in shale that yields an average of 15 or more gallons of oil 
per ton, most of which is in the lacustrine rocks of the 
Eocene Green River Formation of Colorado, Utah, and Wyo- 
ming. Although no oil is being produced from oil shale in 
the United States, it seems likely that oil from high-yield 
shales will be needed in the near future to supplement other 
sources of energy. It is estimated that 0.42 trillion barrels 


of oil are in oil shale that yields 30 or more gallons of oil 
per ton, 85 percent of which is in western Colorado. Min- 
erals locally associated with the rich oil shale may yield 
recoverable sodium carbonate, sodium bicarbonate, or 
aluminum. 

Marine black shales occur in many parts of the United 
States and form an immense, but low-grade resource of 
shale oil. The better parts of these deposits generally yield 
only 10-15 gallons of oil per ton, but hydrogenation or simi- 
lar techniques may increase the yield by 50 to 100 percent. 
Another widespread resource of shale oil may be the car- 
bonaceous shales associated with coal beds. The total re- 
sources of shale oil to depths of 20,000 feet may total 26 
trillion barrels in low-yield shales and 1.3 trillion barrels 
in high-yield shales. 


INTRODUCTION 


Oil shale is a fine-grained sedimentary rock con- 
taining organic matter that has the property of yield- 
ing substantial amounts of oil when heated in a 
closed retort (destructive distillation) but that is 
mostly insoluble in ordinary petroleum solvents. The 
United States has tremendous quantities of oil shade, 
principally in the Green River Formation in Colo- 
rado, Utah, and Wyoming. These three States con- 
tain identified resources of about 1.8 trillion barrels 
of oil in oil shale that yields an average of 15 or more 
gallons per ton. However, no oil-shale venture has 
been a commercial success in the United States in the 
last 100 years, despite the fact that other countries 
of the world have for many years burned oil shale as 
a fuel, or have produced oil or combustible gas from 
the shale. The principal reason for the lack of suc- 
cess is the abundant supplies of lower cost oil, gas, 
and coal that this country has developed. The rising 
demand for energy, however, may soon require the 
development of this abundant energy resource to 
supplement the dwindling supplies of other fossil 
fuels. 

Duncan and Swanson (1965, p. 5) have estimated 
that about 400 million barrels of oi] have been pro- 
duced from oil shale in foreign countries prior to 
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1961, principally in Scotland, Estonia (U.S.S.R.), 
and Manchuria (China). Oil-shale deposits in France, 
Sweden, Germany, Spain, South Africa, and Aus- 
tralia have also been mined on a modest scale, and 
a new shale-oil operation is scheduled to begin in 
1972 in Brazil. 

In the United States, experiments in the produc- 
tion of oil and gas from oil shale have been con- 
ducted since 1850. Most early experiments were 
brief, ineffective efforts, but since 1944 pilot plants 
have been intermittently operated either by the U.S. 
Bureau of Mines (1944-56) or by private industry 
(1957-72) in the western Colorado oil-shale deposits. 
These pilot plants retorted oil shale that had been 
mined underground by conventional methods. In 
1966, the U.S. Bureau of Mines estimated the cost of 
producing shale oil by this method at about $3 a bar- 
rel (Schramm, 1970, p. 192). In 1970, the National 
Petroleum Council (1972) also evaluated this method 
and estimated that each barrel of oil with a heat 
value of 5.4 million Btu would cost between $4.30 and 
$5.30 at the plant site. This estimate assumed a plant 
producing 100,000 barrels of oil a day (initial invest- 
ment of $500 million) that used only the richer, more 
accessible oil shale (oi] shale yielding 30-35 gallons 
of oil per ton, in zones more than 30 feet thick, with- 
in 1,500 ft of the surface). This cost compares un- 
favorably with the present price of crude oil, which 
is about $3.50 a barrel. It is probable, however, that 
the value of coproducts of shale oil, such as aluminum 
or sodium bicarbonate, or advancements in technolo- 
gy, or increases in the price of crude oil, will make 
shale oil competitive with crude oil in the near 
future. 

The possibility of heating the oil shale under- 
ground and pumping the oil to surface (in situ re- 
torting) has been investigated by private industry 
in western Colorado, and by the U.S. Bureau of 
Mines in southwest Wyoming (Schramm, 1970, p. 
188). Many technical problems remain to be solved, 
but this method holds promise as a way to obtain the 
oil with little harm to the environment. 

Synthetic gas can be produced from oil shale, but 
the cost of converting the organic matter to high- 
quality gas suitable for mixing with natural pipeline 
gas would appear to be greater per unit of contained 
energy. For example, it would cost $0.50 per million 
Btu to convert oil to gas. 


OIL-‘SHALE DEPOSITS IN THE UNITED STATES 


Oil shale occurs in many parts of the country in 
rocks ranging in age from Ordovician to Tertiary. 
Oil-shale deposits can be divided into three types— 
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shale in lacustrine rocks, marine shales, and the 
shales associated with coal beds. 


LACUSTRINE OIL-SHALE DEPOSITS 

The principal oil-shale deposit of lacustrine origin 
is in the Green River Formation of Eocene age, 
which underlies about 17,000 square miles in Colo- 
rado, Utah, and Wyoming. Other small lacustrine 
deposits of Tertiary age containing oil shale have 
been reported in the intermontane basins of Mon- 
tana, Nevada, Idaho, and California, but they remain 
unexplored. 

The Green River Formation consists of oi] shale 
interbedded with varying amounts of tuff, siltstone, 
sandstone, claystone, and locally with halite, trona, 
or nahcolite. The formation ranges in maximum 
thickness from a few feet to several thousand feet 
and intertongues laterally with the predominantly 
fluvial beds of the Wasatch Formation. The Green 
River Formation was originally deposited principal- 
ly from two large Eocene lakes, one lying south of 
the Uinta Mountains and the other lying north and 
east. It is now preserved in seven basins—the Uinta 
Basin in Utah, the Piceance Creek and Sand Wash 
basins in Colorado, and the Green River, Great Di- 
vide, Washakie, and Fossil basins of Wyoming. 

In the Piceance Creek deposit (Donnell and Blair, 
1970; Donnell, 1961), the Parachute Creek Member 
of the Green River contains up to 2,000 feet of oil 
shale in alternating rich and lean beds. Some of these 
rich beds are very persistent; the Mahogany zone, 
for example, underlies more than 2,000 square miles 
in Colorado and Utah. The oil shale is thickest and 
richest in the north-central part of the Piceance 
Creek basin, where it also contains nodules, lenses, 
and beds of nahcolite (NaHCO;) and halite (NaCl), 
and disseminated crystals of dawsonite [NaAl (OH.) 
CO;]. Nahcolite is potentially valuable as a source of 
sodium carbonate or sodium bicarbonate, and daw- 
sonite as a source of aluminum. Toward the margins 
of the basin, the oil-shale sequence becomes progres- 
sively thinner and leaner, intertonguing with sand- 
stone and siltstone. 

In the Uinta Basin (Cashion, 1967), the Green 
River Formation is similar to that in the Piceance 
Creek basin, but the oil-shale sequence is thinner and 
leaner and does not contain significant amounts of 
saline minerals. In the Green River Basin, oil shale 
occurs in thin, but widespread units in the Tipton 
Shale, Wilkins Peak, and Laney Members of the 
Green River (Culbertson, 1972; Bradley, 1964). The 
Wilkins Peak Member locally contains thick beds of 
trona (Na,CO;-NaHCO,°2H.O) and halite, and dis- 
seminated crystals of shortite (Na.CO;°2CaCQs), 
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and other saline minerals, as well as thin zones of 
uraniferous phosphate, but the oil-shale beds in this 
sequence are so thin that they rarely constitute a 
resource where the trona and halite predominate. In 
the Washakie basin the richest oil shale is in the 
Laney Member of the Green River Formation (Roeh- 
ler, 1969). The Wilkins Peak Member here is free of 
saline minerals and has been replaced in part by 
fluvial beds of the Wasatch Formation. The Tipton 
Shale Member is widespread, but available data indi- 
cate that its oil shale is lean. 

In the Great Divide and Sand Wash basins, the 
Green River Formation is similar to that of the 
Washakie basin, but the oil shales are generally low 
grade. In the Fossil basin the Green River Forma- 
tion was presumably deposited from a small lake 
separate from the main Green River lakes. The oil- 
shale sequence is thin and mostly low grade. 

The oil shale of the Green River Formation is a 
dense, tough marlstone that is generally well lami- 
nated and ranges in color from tan to dark brown or 
olive-brown to brownish black. According to Bradley 
(1970, p. 985), the organic fraction is derived from 
“microscopic algae, and other microorganisms, that 
grew and accumulated in the central parts of large, 
shallow lakes that existed under a sub-tropical cli- 
mate,” and from “wind-blown, or water borne, pol- 
lens and waxy spores.” The inorganic fraction con- 
sists predominantly of dolomite and calcite with 
varying amounts of quartz, feldspar, analcime, clay, 
and pyrite. The mineralogy and the variation in min- 
eral composition of the oil shale in the Piceance 
Creek basin, Colorado, are described in detail by 
Brobst and Tucker (1973). 

The sites of deposition of the oil shale were very 
flat. The lakes were large in area and the relatively 
shallow water ranged from fresh to highly alkaline. 
The surrounding highlands contributed clastic sedi- 
ment to the margins of the lake, but during most of 
their history little or none of the clastic material was 
carried into the central part of the lakes. Conditions 
were such that algae grew abundantly on the surface 
of the lake, and their remains were preserved in the 
bottom sediments. 

The basins sank slowly, and at irregular rates, 
causing the centers of deposition of oil shale to shift 
during Eocene time. In general, the areas were tec- 
tonically quiescent during deposition and for millions 
of years after the sediments were buried. Subse- 
quently, uplift caused local tilting and erosion of 
these beds. 


MARINE BLACK SHALE DEPOSITS 
Black shale deposits of marine origin which under- 
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lie large areas in most of the United States consist 
of two main types. The platform-type marine black 
shales were formed in shallow seas on continental 
platforms where circulation of water near the sea 
floor was restricted. Characteristically, the platform 
shales may be several hundred feet thick, but the oil- 
shale zones are thin and persistent, ranging in thick- 
ness from a few feet to a few tens of feet (Duncan, 
1967, p. 661). Although few of them have a high oil 
yield, they underlie such large areas throughout the 
world that their resources of shale oil are larger than 
that of any other type of deposit. Geosynclinal ma- 
rine shales were formed in subsiding geosynclinal 
basins, and are associated with limestone, phosphate 
rock, and chert in assemblages much thicker than the 
platform type. Some deposits of this type, such as 
Miocene shales in California, yield significant 
amounts of oil. 

The organic matter, which gives marine black 
shales their characteristic color, contains relatively 
little hydrogen, and therefore only a small percent 
of the organic matter converts to oil. According to 
Swanson (1960, p. 28), the organic matter is of two 
types: sapropelic (derived from algae, spore, pollen, 
etc.) and humic (derived from cellulose, lignin, and 
analogous woody parts). The inorganic fraction pre- 
dominantly consists of quartz and clay minerals, al- 
though some shales contain carbonate. Many shales 
also contain small amounts of uranium, vanadium, 
and other metals, and phosphate. 

A well-known example of the platform-type shale 
is the marine black shale of Late Devonian and Early 
Mississippian age that underlies more than 250,000 
square miles in Hastern and Central United States. 
It is known principally as the Chattanooga Shale in 
the Central United States, but the names New Al- 
bany, Ohio, Antrim, Mountain Glen, and Woodford 
Shales refer to approximate stratigraphic equiva- 
lents elsewhere of the Chattanooga Shale. The black 
shale generally ranges from 0 to 100 feet in thick- 
ness, its average oil yield is about 5 gallons per ton 
of shale, and its average uranium content is 0.003 
percent (Swanson, 1960, p. 7). 


SHALES ASSOCIATED WITH COAL BEDS 

Carbonaceous shales associated with coal beds are 
of two types: thin persistent beds deposited in a 
shallow marine environment and beds deposited in a 
swampy, nonmarine environment that are limited in 
extent and exhibit considerable lateral variation in 
organic content. In the Appalachian coal province, 
the Pennsylvanian rocks contain mostly nonmarine 
carbonaceous shales that have been reported to yield 
from 1 to 100 gallons of oil per ton, but most yield 
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less than 10 gallons of oil per ton. The richest beds 
—the cannel shales—are thin and of small extent. In 
the Interior coal province, the Pennsylvanian rocks 
contain numerous marine shales, persistent across 
thousands of square miles, Swanson (1960, p. 16) 
reported that about 40 distinct shale units occur in 
eastern Kansas and northeastern Oklahoma, but 
most of them are thin and yield 5-10 gallons of oil 
per ton. In Illinois, the oi] yield of 114 samples from 
30 marine shales ranged from 0 to 40 gallons of oil 
per ton, but 88 percent yielded less than 15 gallons 
of oil per ton. 


RESOURCES 


IDENTIFIED AND HYPOTHETICAL RESOURCES 
OF SHALE OIL 

Identified shale-oil resources are those deposits for 
which sufficient data are available to establish the 
magnitude and oil yield within reasonable limits. 
Hypothetical resources are resources in possible ex- 
tensions of identified deposits or in nearby deposits, 
in which the approximate magnitude of the oil-shale 
deposit is known, but whose oil yield is inferred from 
scant evidence. 


GREEN RIVER FORMATION 


The minimum thickness and grade of oil shale used 
by the U.S. Geological Survey in classifying public 
lands as valuable for oil shale of the Green River 
Formation is about equal to a sequence 15 feet thick, 
yielding an average of 15 gallons of oil per ton, but 
sequences yielding as little as 10 gallons per ton are 
included when computing the average yield of a thick 
sequence of oil shale. On this basis, the identified 
resources of the Green River Formation in Colorado, 
Utah, and Wyoming are estimated to total 1.8 tril- 
lion barrels of oil (table 95). Most of these identified 
resources (1.2 trillion barrels) are contained in the 
Piceance Creek basin of Colorado (Donnell, 1964; 
Donnell and Blair, 1970). The Uinta Basin of Utah 
is estimated to contain about 0.32 trillion barrels of 
oil (Cashion, 1964), and recent core data indicate 
that the Green River and Washakie basins of Wy- 
oming together contain a similar amount. 

Apparently none of these resources can be con- 
sidered as economically recoverable now. However, 
a modest increase in the price of oil may make oil 
shale yielding an average of 30 or more gallons of oil 
per ton competitive with crude oil, so resources of 
this grade were calculated. Resources in high-grade 
Shale, in zones more than 100 feet thick, total 418 
billion barrels of oil (table 95), or nearly one-quarter 
of the identified resources of 1.8 trillion barrels. The 
major part of these high-grade resources (355 bil- 
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TABLE 95.—Shale-oil resources of the United States, in bil- 
lions of barrels, by grade (oil yield) of oil shale 


[All resource figures except those for the Green River Formation are 
adapted from Duncan and Swanson, 1965, table 2; Ne, not estimated] 


Identified! 


25-100 10-25 25-100 10-25 25-100 10-25 
gal/ gal/ gal/ gal/ gal/ gal/ 
ton ton ton ton ton ton 


Hypothetical * Speculative ? 


Deposit 


Green River Formation, 
Colorado, Utah, 


andwiwyoming) —22. 5 oe 4418 1,400 50 600° "28 225 
Chattanooga Shale and 
equivalent formations, 
Central and Eastern 
WnitedjiStateswys 4st ae 200. ==== 800)" 2s 
Marine shale, Alaska _______ Small Smal) 250 2000 gaa 
Other shale deposits _________ _____ Small Ne Ne 600 23,000 
Motaly passa oe oe 4418 1,600 300 1,600 600 23,000 


1 Identified resources: Specific, identified mineral deposits that may or 
may not be evaluat as to extent and grade, and whose contained 
minerals may or may not be profitably recoverable with existing tech- 
nolegy and economic conditions. 

2 Hypothetical resources: Undiscovered mineral deposits, whether of 
recoverable or subeconomic grade, that are geologically predictable as 
existing in known districts. 

8 Speculative resources: Undiscovered mineral deposits, whether of 
recoverable or subeconomic grade, that may exist in unknown districts 
or in unrecognized or unconventional form. 

*The 25-100 gal/ton category is considered virtually equiva'ent to the 
category “‘average of 30 or more gallons per ton” 


lion bbl) is in the Piceance Creek basin of Colorado; 
the remainder is in the eastern part of the Uinta 
Basin of Utah (50 billion) and in the southeastern 
part of the Green River Basin of Wyoming (13 bil- 
lion). About 80 percent of these resources (325 bil- 
lion) has been well evaluated by core drilling; the 
remainder is based on data which are sparse, or less 
reliable. Because conservative estimates of thickness 
and grade were used in areas where data were 
sparse, it is possible that the drilling of more core 
holes will require an upward revision of these re- 
source figures. 

The hypothetical resources of the Green River 
Formation are estimated to total about 650 billion 
barrels of oil, of which perhaps 50 billion barrels are 
in oil shales yielding 25-100 gallons of oil per ton. 

The synthetic-gas potential of oil shales of the 
Green River Formation has been investigated by the 
Institute of Gas Technology. Their data indicate that 
by using different processing methods, high-quality 
synthetic gas could be produced at the rate of 100 
cubic feet of gas for each gallon of shale oil that 
could be produced by a conventional retort, or 4,200 
cubic feet for each barrel of shale oil. Thus, the 
Green River Formation could be the source of an 
enormous amount of gas, instead of oil, if so desired. 


CHATTANOOGA SHALE AND EQUIVALENT FORMATIONS 

Most of the marine black shales in the United 
States yield so little oil by conventional retorting 
(1-15 gallons of oil per ton) that it is difficult to 
consider them an economical resource of oil even for 
the distant future on this basis alone. However, many 
of the marine black shales have a high organic con- 
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tent, and as a result 10-gallon-per-ton shale, when 
treated by alternative methods such as hydrogena- 
tion or synthetic gas in a retort, can be made to yield 
15-20 gallons of light oil per ton, or alternatively 
1,700—2,600 cubic feet of high-quality synthetic gas. 
A minimum thickness and grade of 5 feet of shale 
yielding an average of 10 gallons of oil per ton by 
conventional retort was adopted by Duncan and 
Swanson (1965, p. 13) for computing oil shale re- 
sources. The identified resources of 200 billion bar- 
rels of oil (table 95) are in formations of Devonian 
and Mississippian age in the Central and Eastern 
United States. (See Duncan and Swanson, 1965, fig. 
2.) They include resources in the central part of the 
eastern Highland Rim of Tennessee, where the Gas- 
saway Member of the Chattanooga Shale averages 
15 feet in thickness, yields an average of 10 gallons 
of oil per ton, and contains an average of 0.006 per- 
cent uranium (Conant and Stansfield, 1968). Areas 
of New Albany Shale in Indiana and Kentucky in- 
clude black shale zones 20-100 feet thick that yield 
an average of 10-12 gallons per ton and contain the 
major part of the resources. 

The hypothetical resources in the unexplored or 
little-sampled parts of this very widespread unit are 
estimated to total about 800 billion barrels of oil 
(Duncan and Swanson, 1965, p. 14). 


OTHER SHALE DEPOSITS 


In Alaska, oi] shales are contained in rocks of 
mostly marine origin which underlie large areas in 
the north. These sequences range in age from Miss- 
issippian through Harly Cretaceous, and consist 
dominantly of black shale, chert, and black organic 
limestone, except for the Cretaceous rocks which are 
dominantly sandstone and conglomerate (Donnell, 
Tailleur, and Tourtelot, 1967; Duncan and Swanson, 
1965, p. 14). Most of the area is complexly faulted 
and folded, and good exposures are rare in the 
tundra-covered slopes. Near the Nation River in 
eastern Alaska, outcropping Upper Triassic oil shale 
that is locally 200 feet thick is reported to yield 
about 30 gallons of oil per ton. On the north slope of 
the Brooks Range, exposures of Upper Triassic 
through Lower Cretaceous shale contain thin zones, 
less than 5 feet thick, of oil shale that yields as much 
as 160 gallons of oil per ton. Other zones, 20 feet or 
more thick, are known to yield an average of 15 
gallons of oil per ton. These shales also contain un- 
usually high concentrations of trace elements such as 
silver, gold, and merucry. Because of the lack of 
data, identified resources of oil shale are extremely 
small, but Duncan and Swanson (1965, p. 14) esti- 
mated that hypothetical resources total ahout 450 
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billion barrels of oil, of which about 250 billion bar- 
rels would be in high-grade oil shale. 

Beds of oil shale associated with coal are numer- 
ous in the United States, but they are generally thin 
and lean, or of small extent. Identified resources— 
those in carefully appraised deposits—are small. Hy- 
pothetical resources may be large. 


FOREIGN OIL-SHALE DEPOSITS 


Oil-shale deposits of Cambrian to Cenozoic age 
are abundant throughout the world in all types of 
depositional environments. The identified resources 
of shale oil in areas outside the United States total 
about 1.1 trillion barrels of oil (table 96). Most of 
the resources are in a few large groups of marine 
platform shale deposits, such as the Irati Formation 
of Permian age in Brazil, the Cambrian and Ordo- 
vician marine shale deposits in northern Europe and 
northern Asia, and the Jurassic deposits of western 
Europe and the Russian Platform, and in one large 
lacustrine deposit, the Triassic oil shales of central 
Africa (Duncan and Swanson, 1965; Duncan, 1967). 
Hypothetical resources total about 7.3 trillion barrels 
of oil, principally in the Irati Formation of Brazil, 
and in the Cambrian marine shale of northern Asia. 

Reviews of world occurrences are summarized by 
Duncan and Swanson (1965), Duncan (1967), and 
Smith, Smith, and Kommes (1959) ; deposits in the 
U.S.S.R. are described by Kotlukov (1968), and 
those in Brazil by Padula (1969). 


TABLE 96.—Shale-oil resources of the world (excluding the 
United States) in billions of barrels, by grade (oil yield) 
of oil shale 


[All numbers are rounded; Ne, not estimated; from Duncan and Swanson 
1965, table 3] 


Identified 1 


25-100 10-25 25-100 10-25 25-100 10-25 
Continents gal gal gal gal gal gal 


Hypothetical *? Speculative * 


PANG) C Ba 100 Small Ne Ne 4,000 80,000 
(ASiay ye oon eee en ae 90° 14 2 3,700 5,400 110,000 
Australia and New Zealand __ Small 1) Ne Ne 1,000 20,000 
europe we ae ee ea 70 6 100 200 1,200 26,000 

North America (excluding 
Wnited States) meen = ee Small Small 50 100 1,000 23,000 
South America ~-__________ Small 800 Ne _ 38,200 _2,000 36,000 
Lotaly eee eee 260 820 150 7,200 14,600 295,000 


1Jdentified resources: Specific, identified mineral deposits that may or 
may not be evaluated as to extent and grade, and whose contained 
minerals may or may not be profitably recoverable with existing tech- 
nology and economic conditions. 

2 Hypothetical resources: Undiscovered mineral deposits, whether of 
recoverable or subeconomic grade, that are geologically predictable as 
existing in known districts. 

8’ Speculative resources: Undiscovered mineral deposits, whether of re- 
coverable or subeconomic grade, that may exist in unknown districts 
or in unrecognized or ‘unconventional form. 


SPECULATIVE RESOURCES 
Speculative resources of shale oil in undiscovered 
deposits of shale were calculated by Duncan and 
Swanson (1965, p. 7) as follows: 
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The United States is calculated to contain about 
2.4 million cubic miles of sedimentary rocks to a 
depth of 20,000 feet, of which 0.5 percent is assumed 
to be shale containing 10-65 percent organic matter 
and yielding 10-100 gallons of oil per ton. The total 
yield of oil is calculated to be about 28 trillion bar- 
rels, of which about 5 percent is assumed to be from 
shale yielding 25-100 gallons of oil per ton. From 
these figures are subtracted the identified and hypo- 
thetical resources to obtain the speculative resources. 
Similar calculations were made to obtain the specu- 
lative resource figures shown in table 96. 

Marine black shales are the primary source of the 
speculative shale-oil resources because they occur in 
large volumes in sedimentary basins all over the 
United States. Ordovician shales in New York, IIli- 
nois, Iowa, and Nevada are known to contain units 
that yield 10-25 gallons of oil per ton (Duncan and 
Swanson, 1965, p. 15). Permian deposits of black 
shale at some places contain 10-20 percent organic 
matter, but most samples yield little oil. In south- 
western Montana, a Permian black shale may yield 
10-15 gallons of oil per ton in a 600-square-mile area. 
In California, Miocene marine shales underlie an 
area of 3,000 square miles and samples show a range 
in yield from 3-80 gallons of oil per ton. 

Carbonaceous shales associated with coal beds con- 
stitute a potentially large resource of shale oil be- 
cause they occur throughout much of the United 
States. Duncan and Swanson (1965, table 2) esti- 
mated that these shales may yield 310 billion barrels 
of oil, of which 60 billion barrels would be from 
higher grade oil shale (25-100 gallons of oil per ton). 

Lacustrine deposits seem to be the best prospect 
for finding new shale-oil resources in high-yield oil 
shale because the best deposits currently known are 
in the lacustrine Green River Formation of Eocene 
age. It is unlikely that any other deposit of the 
magnitude of the Green River Formation exists in 
the United States, because it required a unique set 
of conditions persisting for millions of years in ex- 
tremely large shallow lakes. However, small high- 
grade deposits may be present in the numerous unex- 
plored lacustrine deposits of Tertiary age in the 
Western United States (Feth, 1963), particularly in 
Montana, Nevada, and Wyoming (Duncan and Swan- 
son, 1965, p. 16). 


PROSPECTING TECHNIQUES 


Oil shales can usually be recognized on the out- 
crop by their texture, color, and low specific gravity, 
but the evaluation of an oil-shale deposit requires 
core drilling to obtain unweathered samples that are 


representative of the buried deposit. Other tech- 
niques are available for use in a preliminary evalua- 
tion of a possible oil-shale deposit. If wells have been 
drilled through the deposit for other purposes, such 
as petroleum exploration, the cuttings of these wells 
can indicate the presence or absence of good oil 
shale. Geophysical logs of wells, such as sonic or 
density logs, can be used in some places in predicting 
the probable oil yield of the shales in the sedimen- 
tary sequence (Bardsley and Algermissen, 1963). 
For many years the U.S. Bureau of Mines has at- 
tempted to evaluate the oil-shale resources of the 
Green River Formation in Colorado, Utah, and Wyo- 
ming by collecting and assaying cuttings of wells. 
They were generally successful in indicating the 
boundaries of the oil-shale deposit and the approxi- 
mate magnitude of the resources, but they found 
that individual sample sets could not be relied upon 
because of the possibility of contamination, or acci- 
dental enrichment, of the cuttings. 

In lacustrine deposits the richest oil shale is de- 
posited in the center of the lakes, so a geologic 
evaluation of the outcropping rocks in a basin may 
point the way to the location of the depositional 
center of the deposit, and thus narrow the area of 
intensive search. 


PROBLEMS FOR RESEARCH 


Oil shale in the green River Formation contains a 
wide variety of unusual minerals but the amount 
and number are imperfectly known. Much explora- 
tion and research is needed to identify the minerals, 
to calculate the amount and extent of potentially 
valuable minerals, and to investigate the feasibility 
of recovering them as coproducts or byproducts in 
a commercial oil-shale mining and retorting opera- 
tion. 

Research is also needed in solving the techno- 
logical problems of extracting the oil at low cost 
and at minimum damage to the environment. En- 
vironmental problems associated with the extraction 
of shale oil by conventional retorting are magnified 
because of the large volume of rock that would be 
processed in a commercial operation. A plant pro- 
ducing 100,000 barrels of oil per day would probably 
mine about 130,000 tons of shale per day, and would 
require the disposal of a similar amount of spent 
shale. One problem would be to prevent the con- 
tamination of streams either by saline water en- 
countered in mining, or by leaching of salts from 
spent shale. Other problems include the disposing 
of the spent shale and the revegetating of the spent 
shale if it is disposed of on the surface. 
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ABSTRACT OF CONCLUSIONS 


Peat is no longer used as fuel in the United States. It is 
used for agricultural and horticultural purposes, and a de- 
mand is appearing for its use in environmental control. The 
physical characteristics of peat that are important to modern 
uses are related to the geologic and physiographic settings 
of the deposits; therefore, research on methods of prospect- 
ing for peat focuses on establishing geologic controls for the 
types of peat defined in the classification adopted by the 


American Society for Testing and Materials in 1969. This 
new classification is designed principally to characterize dif- 
ferent types of peat by means of such physical properties as 
amount, kind, and size of fibers and quantity of ash. One or 
more types of peat occur in all but about 8 of the 50 States 
in magnitudes ranging from hundreds of thousands to tens 
of billions of tons. 

The demand for specific physical qualities in peat related 
to modern uses and to standards for sales is largely respon- 
sible for national consumption of more peat than is produced 
domestically. In 1970, more than 525,000 tons of air-dried 
peat was produced and sold in the United States for almost 
$6,000,000 and 283,211 tons valued at $13,502,000 was im- 
ported, chiefly from Canada and West Germany. The fore- 
cast range of U.S. demand for peat in the year 2000 is from 
1,200,000 to 2,400,000 short tons. 


INTRODUCTION 


Peat consists of partly decayed vegetable matter, 
inorganic minerals, and water in varying propor- 
tions, the usual being 10 percent solid matter to 90 
percent water. Depending upon the amount of water 
contained, peat ranges from 0.1 to 1.6 in specific 
gravity and weighs 7-65 pounds per cubic foot. 
Hardly any two peat deposits contain material hav- 
ing the same physical properties. Differences are due 
mostly to the variety of plants from which peat is 
formed and to differences in climate, age of the 
deposit, water-level regime, and quantity of sedi- 
ment deposited during accumulation of peat. Color 
ranges from light yellow through various shades of 
brown to jet black, the color representing a measure 
of the degree of decomposition of the peat. Peat 
that is newly exposed or has been well protected 
from the air is usually light yellow or brown. Well- 
decomposed humified peat is jet black. On drying 
in the air, most peat becomes lighter in color, except 
for very light varieties, which usually change to 
dark brown or black after being shredded and dried. 

One of the chief substances formed by plants 
during their growth is cellulose which consists 
largely of carbon, hydrogen, and oxygen. If plant 
debris falls upon drained soil, it is vigorously at- 
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tacked by fungi and bacteria, and the carbon and 
hydrogen of the cellulose unite with atmospheric 
oxygen and with each other to form carbon dioxide, 
water, and marsh gas. If oxidation is unhampered, 
the organic material will disappear in a relatively 
short time. If, however, the plant falls into water or 
upon water-saturated soil where atmospheric oxy- 
gen is largely excluded, decay is slow, and if the 
plant debris becomes buried, a large proportion of 
the fixed oxygen is retained, and peat is formed. 
By this means, peat, which essentially has the com- 
position C,2H;.0.,, forms from cellulose (C-2Hi2.0¢0) 
by the elimination of hycrogen and oxygen as water 
(HO), carbon and oxygen as carbon dioxide (CO.), 
and carbon and hydrogen as methane (CH,) (Soper 
and Osbon, 1922, p. 6-7). 

Peat is formed in swamps, bogs, or marshes under 
conditions favorable to the profuse growth of plants 
and to the accumulation of plant debris without 
complete decomposition by bacterial and chemical 
action. Climate, topography, and changes in position 
of the water table are the chief factors governing 
the formation and preservation of peat deposits. 

The quality of peat is determined by several fac- 
tors. The rate and type of water inflow and drainage 
control the amount of inorganic material such as 
silt, sand, and gravel. Fluctuation of the water table 
permits air to come in contact with wet peat and 
causes rapid decomposition, leading to partial or 
complete destruction of plant fibers. Such fluctua- 
tion is greatest near streams and drainage ditches. 
If surface conditions are unchanged, carbonization 
is largely arrested, and peat forms; it may continue 
to exist indefinitely as peat unless the land is drained 
and decomposition begins, or unless it is deeply 
buried beneath sediments and subjected to pressure 
and heat to form coal. 


CLASSIFICATION 


For statistical purposes the U.S. Bureau of Mines 
has classified peat into three general types—moss 
peat, reed-sedge peat, and peat humus. Peat of 
sphagnum, hypnum, and other moss types is classi- 
fied as moss peat, whereas peat of reed-sedge, shrub, 
and tree groups is classified as reed-sedge peat. Any 
peat so decomposed that the botanical identity is 
lost is classified as peat humus. This classification, 
however, does not adequately identify peat accord- 
ing to properties demanded by modern industry, 
properties which are based on the use of peat as a 
soil conditioner and horticultural material. 

Chief among these desirable properties is water- 
holding capacity, or the ability to reabsorb water 
after initial drying, like a sponge. Water-holding 
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capacity, which is measured in percentage by weight, 
depends upon botanical character, the degree of 
decomposition, and the extent to which peat has 
dried. Ash content, also measured in percentage by 
weight, consists of the solids remaining after a test 
portion of dry peat has been heated at 550°C. Ash 
content is therefore the reciprocal of organic content 
valuable to peat use. Fiber content refers to the 
proportion of stem, leaf, or other plant fragments 
between the sizes of 0.15 and 12.7 mm. 

To meet the need for a classification designed 
principally to characterize different types of peat 
on the basis of these and other useful properties, 
such as acidity and moisture content, a new classi- 
fication was proposed by the American Society for 
Testing and Materials Committee D—29 Subcommit- 
tee I (Farnham, 1968); this classification was 
adopted in the form of ASTM Designation D2607— 
69 (Am. Soc. Testing and Materials, 1969). Accord- 
ing to this standard, “the term peat refers only to 
organic matter of geological origin, excluding coal, 
formed from dead plant remains in water and in 
the absence of air. It occurs in a bog, swampland, 
or marsh, and has an ash content not exceeding 25 
percent by dry weight.” The classification lists five 
major plant types according to genesis and fiber 
content. Percentages of fiber are based on oven- 
dried weight at 105°C., not on volume. The five 
types are: (1) Sphagnum moss peat, in which the 
oven-dried peat contains a minimum of 6624 percent 
recognizable Sphagnum moss fiber; (2) Hypnum 
moss peat, in which the oven-dried peat contains a 
minimum of 3314 percent fiber, of which at least 
half is Hypnum moss fibers; (38) Reed-sedge peat, 
in which oven-dried peat contains a minimum of 
3314 percent fiber, of which at least half is reed- 
sedge and other non-moss fibers; (4) Peat humus, 
in which oven-dried peat contains less than 3314 
percent fiber; and (5) Other peat, which includes all 
other forms of peat'not classified in ASTM Desig- 
nation D2607-69. 

As part of the research leading to the formula- 
tion of this new classification, analyses were 
made of 191 representative samples of peat sold in 
the United States (Farnham, 1968, p. 89). Sphagnum 
moss peat samples had the highest fiber contents 
and generally the lowest ash content and pH. Also, 
except for a few artificially dried materials, the 
water-holding capacities were well over 1,000 per- 
cent. The hypnum moss peat samples were much less 
acid but had slightly higher ash contents. Reed-sedge 
peat samples differed in pH and ash contents and 
had medium fiber contents and water-holding capaci- 
ties. Peat humus samples were very low in fiber 
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content and water-holding capacity, a condition 
which is indicative of a high degree of decomposi- 
tion. 


THE WORLD PEAT INDUSTRY 


Peat bogs are estimated to make up about 375 
million acres of the world’s land surface (Tibbetts, 
1968, p. 8). Almost 80 percent of this peatland is 
within the boundaries of the U.S.S.R., Finland, and 
Canada, more than 60 percent being in the U.S.S.R. 
alone. According to information available in 1963, 
the rest of the world’s resources are largely in the 
United States, East and West Germany, Great 
Britain and Ireland, Sweden, Poland, Indonesia, Nor- 
way, Cuba, Japan, Denmark, Italy, and France (table 
97). 


TABLE 97.—Location of the world’s peat resources, 1963 
[Source: Tibbetts, 1968] 


Percentage 
of world 
resources 
WES SSSR aero ee ee en ee 60.8 
inland iss. fee ae ee eee 9.5 
Canad alg = eee eee ee 9.1 
BSAC ee eee eee nee ee 5.0 
Germany (East & West) -__-_________ 3.5 
Great Britain and Ireland ____________ 3.5 
Sweden@re sss seuas ss eee ne eel Es 3.4 
Roland ssa a een eee et 2.3 
Indonesia, —22=2 sae 2 2 esis ee 0.9 
INOn Ways 2 eee ae Se eee sit off 
Cubapeee se senor ees S 3 
WADA ee ee eee ee Ba 
Dorin ar: kee ee eee ee me aR EE .08 
Ih? See A) ee ee .08 
[BRAT Ce mes Serene nee ee .08 
Otherscountmiess see eee 56 


On the basis of available information, the U.S.S.R. 
accounts for 95 percent of the world’s peat produc- 
tion, which was estimated in 1970 to be more than 
217 million short tons per year, an increase of 7 
percent over the estimated world output for 1969 
(Sheridan, 1971b). Production by countries in that 
year is listed in table 98. Although fourth in world 
production after the U.S.S.R., Ireland, and West Ger- 
many, the United States produced only 0.2 percent 
of the world total in that year. 

Only about 32 percent of the world’s peat produc- 
tion igs used for fuel, much of this being used for 
the generation of electric power, chiefly in the 
U.S.S.R. and Ireland. The generating capacity of 
present peat-fired power plants in Ireland is 387.5 
megawatts. Some peat is used in West Germany 
and Finland for fuel, but this use is declining. 

Most of the remaining 68 percent of the world’s 
peat production is used for agricultural purposes; 
various grades of peat are produced for the ameliora- 
tion of mineral soils. Other uses of peat include 
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TABLE 98.—World peat production in 1970 
[Source: Sheridan, 1971b] 


Thousand 

short 

tons 

WES: SSR, eae ee ee eee 206,462 
Ireland. 2° 2.8 Aree) eee 7,56 
West Germany 222228 S22. ee 1,467 
Winited@iStatest == a2 2s _ Se 517 
INetherlandsiyae = see a S82 ee 440 
@anadayaees ase ee oe So Se Le 317 
Ininland geese esa ee nos 255 
Sweden seeseraeeen POE 138 
TANI CON y Swen as Ps ee = 80 
Japan == tee eos ae eee ls 80 
un varyaiee eens 5 ho 72 
USE| « le ie ee ee 22 
Roland see) Sse as SS eS 22 
INOIWays =. Saas ee ae on 17 
IKoreage 25 Uke Sona oe oe 10 
Denmankipieer =) Tawa. ase eee 6 
motown! — Seas 2 ee 217,471 


horticultural applications, as in the United States, 
Canada, and most countries of Europe; the manu- 
facture of thermal insulating materials and chemi- 
cals in the U.S.S.R.; the making of peat planting 
pots in Norway, Denmark, Ireland, Czechoslovakia, 
Poland, and Japan; the production of activated car- 
bon in the Netherlands; the distilling of whisky in 
Scotland; and uses in health spas, curative water, 
cosmetics, and tonics in Austria. 


THE U.S. PEAT INDUSTRY 


The use of peat in the United States for agricul- 
tural purposes began about 1904, when 12 compa- 
nies produced a few thousand tons of peat annually. 
By 1971, peat was being extracted at 122 operations, 
where 120 companies produced 516,825 short tons 
(Sheridan, 1971a). In 1971, peat was produced in 
24 States (see fig. 62), but 8 States bordering the 
Great Lakes had more than half the active pits. 
Michigan, with 20 had the largest number of opera- 
tions, followed by Colorado, with 15; Ohio and Penn- 
sylvania, with 11 each; Washington, with 9; and 
Florida and Minnesota, with 8 each. Thirty-seven 
plants produced moss peat, 39 plants produced reed- 
sedge peat, and 33 plants produced humus. In addi- 
tion to plants producing these types of peat, 13 
plants produced two or all three types. Peat pro- 
duced in the United States in 1970, by types, is 
shown in table 99. 

Commercial sales of peat for 1970 totaled 525,603 
short tons valued at $5,986,000, averaging $11.39 
per ton (Sheridan, 1971a). Table 99 shows produc- 
tion of peat by types, and table 100 shows production 
and sales of peat by States in 1970. In addition, 
283,211 short tons valued at $13,502,000 were im- 
ported, chiefly from Canada and West Germany, as 
shown in table 101. 
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TABLE 99.—Peat produced in the United States in 1970, by type 
[In short tons. Source: U.S. Bur. Mines; Sheridan, 1971b] 


Processed 
Type Unprepared Shredded Kiln-dried Shredded and 
only only kiln-dried Total 
Mossy, o22-- =) = ee 48,718 79,161 Bile 2,135 130,014 
Reed-sedge ------------ 26,486 223,374 750 Gat 250,610 
iumus ee 41,925 90,633 3,643 i see 136,201 
Total sees 117,129 393,168 4,393 2,135 516,825 
TABLE 100.—Production and commercial sales of peat in the United States, 
by States, 1970 
[W, withheld to avoid disclosing individual company confidential data; included in total. 
Source: U.S. Bur. Mines; Sheridan, 1971b] 
Commercial sales 
Active Production Value 
State plants (short tons) 
Short tons Total Average 
(thousands) per ton 
Californiage ees 3 9,792 9,792 WwW WwW 
Colorado *15 34,240 34,499 $210 $6.08 
Mloridageeses ss 8 45,743 45,742 304 6.65 
(Georclayge ee 1 432 432 WwW WwW 
dahon eee ste eee 1 WwW WwW WwW WwW 
Tlinoish 22-22-4222 =2= 6 WwW WwW W WwW 
indianageeo sess 5 W WwW WwW WwW 
lOWat rn ae eee 2 WwW W WwW WwW 
iMainewe=.—=——— === 43} 1,223 1,000 39 39.00 
Marnylandsgess === 2 4,588 3,633 47 12.94 
Massachusetts -------- il 2,000 2,000 30 15.00 
Michigan —------------ +20 156,699 166,950 1,896 11.36 
Minnesota ------------ 8 13,948 13,377 335 25.04 
Montanagenes se = il WwW WwW W WwW 
New Jersey ----------- 4 45,260 45,260 557 12.30 
New Mexico ---------- 1 500 500 7 13.00 
New York ------------ 5 15,325 14,525 145 9.98 
North Dakota —-------- 1 WwW WwW 
(Q)00G) Soe eee 11 6,357 6,357 95 14.94 
Pennsylvania --------- 11 49,284 43,793 517 11.81 
South Carolina -__-_~-- 1 WwW w WwW W 
Wermontmees ee 1 338 244 6 24.59 
Washington ---------- 9 16,625 16,625 71 4.27 
Wisconsin) esses 2 1,581 1,650 WwW WwW 
Totally = =—=-5—==— 122 516,825 525,603 5,986 11.39 
1 Excludes one plant which had sales, but no production. 
2 Includes one plant which had production, but no sales. 
TABLE 101._Peat moss imported for consumption in the United States, 
by grade and by country, 1970 
[Source: U.S. Bur. Mines; Sheridan, 1971b] 
Poultry and stable 
grade Fertilizer grade Total 
Country 
Short Value Short Value Short Value 
tons (thousands) tons (thousands ) tons (thousands ) 
Belgium-Luxembourg ------- ------ = ------ 22 (*) 22 () 
Canada lhe. Pest. Rees 1,679 $94 267,944 $12,792 269,623 $12,886 
inland 2h. eee £28 coe (GC) ee ee eee 7 (C) 
Germany, West ------------- 86 3 9,919 429 10,005 432 
Imeland eee 4 3 960 46 964 49 
Japan ee 30 2 30 2 
WiStO@. ULL sse e652 55Se6S555 EseSce) Sdeese 24 il 24 1 
INORWa Vane 6 4 / 4 13 8 
Polandih a= See eee | eae _ ee ig eta 1,950 88 1,950 88 
Spain eee 7 5 7 5 
Sed Te ee ee ee ee 449 22 449 22 
Wmitedekanedom| = eee a= == 117 9 117 9 
Motaleesey See 1,782 104 281,429 13,398 283,211 13,502 


1Less than % unit. 
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All humus and reed-sedge and some moss peat 
production is from surface pits, and most operations 
use conventional types of excavating and earth- 
moving machinery, including bulldozers, draglines, 
and front-end loaders in drained bogs, and clamshells 
and dredges for submerged deposits. Use of spe- 
cialized machines for cutting sphagnum moss is 
replacing the ancient practice of hand cutting sphag- 
num moss blocks, especially in large bogs in Maine. 
Peat is prepared for sale by shredding and screen- 
ing; some is dried artificially. 

Before 1955, most domestic peat was sold locally 
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in bulk, but since then, large quantities have been 
packaged and distributed to all parts of the United 
States. Prices of domestic peat vary greatly; in 
general, the sales value depends chiefly on the type 
of peat, the degree of processing, and whether the 
peat is sold in bulk or packages. In 1970, the aver- 
age value of bulk peat was $8.13 per ton, $0.46 more 
than the average value of bulk peat sold in 1969. 
Packaged peat, however, declined in average value 
from $17.60 per ton in 1969 to $14.51 per ton in 
1970. Commercial sales of peat in the United States 
in 1970 are shown in table 102. 


TABLE 102.—Commercial sales of peat produced in the United States in 1970, by use 
[Source: U.S. Bur. Mines; Sheridan, 1971b] 


In bulk In packages Total 1 
Quantity Quantity Quantity 
Use (Short tons, Value (Short tons, Value (Short tons, Value 

thousands) (thousands) thousands) (thousands) thousands) (thousands) 

Soil improvement -~------_-_- 193 $1,616 257 $3,421 450 $5,038 
Rottingisoils ase e== sea eee 14 118 6 221 20 338 
Packing flowers, shrubs, etc. —_ 40 298 2 37 42 336 
Seed inoculant ------- Se oe 3 206 2 206 
Mushroom beds -__--- 3 29 (*) (¢) 3 29 
Earthworm culture 1 9 () 2 1 11 
Mixed fertilizers -__-__-__---- 6 27 et) i ese 6 27 
Motal\s yaa ee 258 2,098 268 3,888 526 5,986 


1 Less than % unit. 


2 Data may not add to totals shown because of independent rounding. 


Although the average value of imported peat is 
more than three times that of domestically pro- 
duced packaged peat, the two are not comparable 
because they are assigned at different marketing 
levels. Also, imported peat has different physical 
properties and is usually sold by volume rather than 
by weight. Each 100 pounds of typical air-dried im- 
ported peat measures approximately 12 bushels, 
whereas the same quantity of a typical domestic 
peat measures 38 or 4 bushels. Only a few U.S. peat 
operators produce peat with properties similar to 
those of the imported type. 

The quantity of peat imported into the United 
States in 1970 decreased 6 percent from that im- 
ported in 1969, mainly because of decreased ship- 
ments from Canada. European shipments to the 
United States decreased 9 percent, mainly because 
of the smaller quantities shipped from Ireland and 
Poland. Shipments from West Germany supplied 
almost three-fourths of the peat imported from 
Europe. 


PEAT DEPOSITS 


Soper and Osbon (1922) recognized three general 
types of peat deposits, according to topography. 
These include the filled basin, in which peat accu- 
mulates in marshes, ponds, and lakes; the built-up 


deposit and its corollary, the climbing bog, in which 
peat forms on flat or gently sloping moist areas not 
covered with water; and the composite area con- 
sisting of built-up peat underlain by peat of the 
filled-basin type. 

The filled-basin type is predominant. Beginning 
at the center of basins filled with water and pro- 
ceeding shoreward, the usual sequence of vegetation 
is algae, pondweeds, water lilies, bullrushes, and 
amphibious sedges. Sphagnum and heath shrubs 
sometimes grow on the marginal zones and are 
abundant on the quaking bogs of the Northern 
States. Adjoining zones of vegetation usually over- 
lap, and some zones may be absent. Unless the 
water is shallow enough to permit plants to take 
root, fine-grained algal peat is normally at the bot- 
tom of filled-basin deposits and is overlain by strata 


of reed, sedge, and grass peat. Fire, drought, and 
drainage, however, may prevent formation of suc- 
cessive growth and decay of plant associations, and 
changes in the surface water from alkaline to acid 
may also affect composition of flora. 

Salt-marsh peat fills basins in much the same 
manner as fresh-water peat but differs from it 
somewhat in character. Because few seed plants 
tolerate salt water, the number of plant varieties in 


salt marshes is small. Salt-marsh peat is composed 
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of salt-marsh grasses, rushes, and sedges. In some 
of the coastal marshes, salt-marsh peat is underlain 
by peat of fresh-water origin, indicating subsidence 
of part of the coast. 

Built-up deposits consist of moss and heath, over- 
lain by tamarack-spruce in the north and by gum- 
cypress in parts of the Atlantic and Gulf coastal 
regions. The ground water level, although it may 
never rise above the surface, is progressively ele- 
vated as the peat collects. Surface conditions are 
little changed from year to year; hence, built-up 
bogs are relatively homogeneous. 

When a basin is filled with peat to the level of the 
surrounding country, it is mature, and if moisture 
is sufficient, the build-up process begins; the deposit 
develops as if it had originated on a relatively level 
land surface not covered with peat. The result is 
a composite peat deposit which may accumulate to 
a thickness of many feet above the former level of 
the basin. Composite areas are recognized by marked 
changes in the character of the peat where the 
pondweeds, water lilies, and sedges were displaced 
by moss and heath plants. 

As the formation of peat depends upon many 
factors, the rate of its accumulation varies widely 
from place to place and from year to year. If climate, 
topography, and vegetation are favorable, peat forms 
rapidly, as in a few sphagnum bogs along the coasts 
of Maine and Alaska, but if one of these factors 
becomes relatively unfavorable, the rate of accumu- 
lation is retarded or brought to a stop, or destruction 
of the deposit may set in. Most if not all peat de- 
posits that formed during the Pleistocene were 
erased by weathering or erosion, so that the present 
deposits, all of Holocene age, may lie on truncated 
remnants of older cycles of peat development. An 
age of about 13,000-14,000 years is about the maxi- 
mum for a commercial peat deposit. Unlike timber 
stands, most peat deposits in the United States are 
not renewable. 

The major peat deposits in the conterminous 
United States occur (1) north of the 41st parallel 
and east of the 97th meridian in all the New England 
States, Illinois, Indiana, Iowa, Michigan, Minnesota, 
New Jersey, New York, Ohio, Pennsylvania, and 
Wisconsin; (2) in the Atlantic and Gulf coastal 
regions; and (3) in the western mountains and 
coastal areas including parts of Washington, Idaho, 
Montana, Oregon, California, Wyoming, Utah, Colo- 
rado, Arizona, and New Mexico. 

In the northeastern and north-central region, peat 
has accumulated chiefly in former lakes and ponds 
in glacial terrain. Built-up deposits of sphagnum 
moss peat are largely restricted to the cool humid 


511 


northern parts of the Midwest and New England. 

The Atlantic and Gulf coastal regions are charac- 
terized by many salt- and fresh-water marshes and 
swamps; the peat deposits occur principally in 
valleys and lagoons on a gradually subsiding coastal 
plain. This peat is made up mostly of salt-marsh 
grasses and other salt-water plants. However, many 
deposits also have an underlayer of peat formed 
from fresh-water plants. This layer was deposited 
before the basin was invaded by salt water. 

Peat deposits of the West (Jennings, 1966, p. 288; 
Cameron, 1968; Huntting, 1966; Savage, 1964) are 
in basins in glaciated mountains and plains, in tidal 
plains, and in river plains. 

The cool moist climate and irregular terrain of 
Alaska favor the formation of all types of deposits, 
but especially the built-up sphagnum moss type. 
Small pockets of peat occur in high volcanic uplands 
in Hawaii. 

GEOLOGIC AND PHYSIOGRAPHIC FACTORS 

THAT CONTROL QUALITY AND QUANTITY 


The minimum size of a peat deposit worth exploit- 
ing in the United States differs from place to place. 
In the glaciated areas of the North, West and 
Northwest, and in broad coastal marshes elsewhere, 
peat deposits now exploited are at least 10 acres in 
areal extent and have at least a 5-foot thickness of 
commercial-quality peat. Tonnage in peat deposits 
is calculated on the basis of 200 tons of air-dried 
peat per acre-foot. 

On the basis of these criteria, high-quality sphag- 
num moss peat may be expected in large raised bogs 
in New England, especially in Maine, and in north- 
ern Minnesota. Most of the peat in the United States, 
however, is reed-sedge, humus, and other types de- 
posited largely in basins. The quality and quantity 
of these deposits are dependent upon constant fac- 
tors such as size, shape, and composition of the 
depression containing the deposit, and upon varying 
factors such as climate and surface- and ground- 
water drainage. Cameron (1970a, b, c), working in 
the glaciated areas of Pennsylvania and New York 
and the unglaciated uplands of West Virginia, Mary- 
land, and Pennsylvania, listed relationships of these 
factors significant to resource potential of peat de- 
posits as follows: 

1. Peat deposits enclosed within a bedrock basin 
tend to have a higher percentage of fibers longer 
than 0.15 mm than those deposits surrounded by 
unconsolidated material. Relationship of peat qual- 
ity to kind of material composing the surrounding 
area and the walls of the depression in which accu- 
mulation of peat took place involves several aspects, 
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such as water-transmitting characteristics, solubil- 
ity, resistance to erosion, and degree of weathering 
of the material next to the peat. 

2. Within unconsolidated material, peat deposits 
larger than several acres in areal extent tend to 
have lower ash content and a higher percentage of 
fibers longer than 0.15 mm than do similar smaller 
deposits. 

3. Peat deposits in depressions with high steep 
walls tend to be thicker than deposits in depressions 
with low gently sloping walls. Steep walls favor 
rapid build-up of marsh-type vegetation above the 
original pond-surface level and at the same time 
delay development, along the margins of the depres- 
sion, of soil conditions that initiate transgression of 
a forest, which slows and eventually stops peat 
formation. 

4. Peat deposits accumulated in depressions with 
high steep stable walls are apt to have lower ash 
content than deposits in depressions with unstable 
walls. 

5. Peat deposits in depressions having small 
drainage basins tend to contain less clay, sand, and 
silt than do deposits in depressions having larger 
drainage basins. The ratio of effective drainage area 
to area of peat accumulation in more than 100 de- 
posits in northeastern Pennsylvania showed that if 
the sediment-producing area is more than 10 times 
the size of the area of peat accumulation, the ash 
content of the peat is apt to be greater than 25 
percent. 

6. Peat deposits accumulating in a cool, moist 
climate are thicker and have lower ash content than 
deposits accumulating in a cool, dry climate. Humid- 
ity is the controlling factor in growth of peat- 
producing plants and preservation of plant struc- 
tures. 

7. Peat deposits protected topographically from 
stream flooding are apt to have lower ash content 
than deposits subject to flooding. Two common 
causes of flooding are increased precipitation and 
ponding resulting from landslides or beaver activity. 

8. Peat deposits subject to water-table fluctuation 
caused by (a) artificial drainage, (b) drainage 
caused by breaching of dams on adjacent streams, 
or (c) lumbering operations and extensive forest 
fires, which extinguish springs and seeps, have 
higher ash content and a lower percentage of fibers 
longer than 0.15 mm than do deposits not subject 
to water-table fluctuation. This is because a deposit 
saturated with ground water is relatively free from 
aerobic bacterial activity which decays vegetable 
matter. When the water table falls, permitting oxy- 
gen to enter the deposit, decay increases ash con- 
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tent by destroying plant fibers. 


RESOURCE POTENTIAL AND OUTLOOK 


The latest nationwide study of the occurrence and 
use of peat was by Soper and Osbon in 1922; empha- 
sis was on potential use as fuel, and deposits were 
not appraised with the restrictive criteria of present 
use. Moreover, since 1922, many peat deposits have 
been destroyed, and many new areas probably con- 
taining much peat have been made accessible by 
modern roads. Therefore, the 14 billion tons esti- 
mated by Soper and Osbon is no longer realistic for 
peat that meets the ash and fiber-size specifications 
of modern uses. Measurement of such resources in 
unexploited deposits is only just beginning. The 
data on figure 62 and table 103, although based on 
very scanty quantitative information and _ little 
known geologic and physiographic controls, are an 
attempt to approximate the magnitude of potential 
resources for each State. 


TABLE 103.—Approximate magnitude of potential resources * 
of peat estimated for each State 


[Distribution shown on fig. 62] 


Short tons of 


State air-dried peat 


Delaware, Hawaii, Maryland, North Dakota, West 


Vale ai ee a 10° 
Illinois, Iowa, Rhode Island, South Dakota ___-_- IOS 
Alabama, Arizona, Connecticut, Indiana, Louisi- 

ana, Massachusetts, Mississippi, New Hamp- 

shire, New Jersey, New Mexico, Ohio, Pennsyl- 

Vaniay hexas; iViermontpee ==. esa ee eens 10° 
California, Colorado, Georgia, Idaho, Maine, 

Montana, New York, North Carolina, Oregon, 

South Carolina, Utah, Virginia, Washington, 

Wiyominigy ate 2- Po BAe otk be 5 10° 
HloridaysMachican Wisconsin === =a =e 10° 
Avaskas Minnesota: 22 eee Se eee U0) 


1 Potential resources: Identified mineral deposits not profitably recov- 
erable with existing technology and economic conditions, and undiscov- 
ered mineral deposits whether of recoverable or subeconomic grade. 


Refinements in prospecting for deposits in these 
States will result from close coordination of physical- 
property requirements, given in the recent ASTM 
peat classification, with the geologic and physio- 
graphic factors that control quality and quantity. 
Although the present physical-property require- 
ments are largely for agricultural uses, they are 
much the same as those for the growing use of 
peat in environmental control. For example, D’Hen- 
nezel and Coupal (1972) have shown that moss peat, 
because of its very high water-holding capacity, can 
be used on a large scale in combating pollution 
caused by oil spills from offshore drilling and from 
freighters and barges. 

Extensive research by the Department of Chemi- 
cal Engineering of the University of Sherbrooke, 
Quebec, Canada, has revealed the high efficiency of 
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moss peat in the filtration of pigments and dyes in 
wastes from textile plants, and of mercury and other 
metals in wastes from other industrial plants; moss 
peat is 20 to 30 times cheaper than activated char- 
coal presently used as a filtering agent. 

Moss peat can now be used for the manufacture 
of activated carbon, as a binder for pelletizing iron- 
ore concentrates, and for manufacture of concretes 
used as lightweight thermal and sound insulators. 

Decarlo (1970) forecasted that the national de- 
mand for peat for the year 2000 will reach 1,200,000 
to 2,400,000 short tons. 
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ABSTRACT OF CONCLUSIONS 


Phosphorus, an element essential to plant growth, is found 
in igneous apatite, guano or related deposits, and marine 
phosphorite. Most of the United States’ and the world’s 
reserves and resources are in the marine phosphorite de- 
posits which also account for about 75 percent of the total 
production. 

Marine phosphorite deposits, known throughout the world 
in rocks ranging in age from Precambrian to Holocene, 
form in basins away from sources of abundant clastic ma- 
terial in warm latitudes in areas of upwelling water. 

Because most of the sedimentary basins are known and 
phosphate occurs in many of them, resources are classed as 
identified or as hypothetical. Speculative resources form only 
a minor part of the total. However, identified resources of 
the world are measured in billions of tons of contained 
phosphorus and hypothetical resources are probably many 
times as great. 

A major factor of concern is the transportation of a bulk, 
low-value product to areas of use. Many problems, however, 
remain to be solved, particularly in the accurate delineation 
of reserves in the large areas of probable hypothetical re- 
sources and in the mining and beneficiation of deeply buried 
and low-grade resources. 

Environmental problems attendant upon open-pit mining 
and chemical processing must be solved. Failure to solve 
these problems in the United States may lead to drastic 
changes in the traditional supply patterns of phosphate rock 
in the world. 

Phosphate rock contains abundant fluorine and potentially 
economically recoverable amounts of vanadium, uranium, 
and the rare earths. Trace metals necessary to plant growth, 
such as boron, copper, molybdenum, manganese, and zine are 
present in phosphate rock, are removed during chemical 
processing, and are readded to make a complete fertilizer. 
Chemical research on problems of recovery of minor elements 
and the retention in chemical fertilizer of the trace metals 
is needed. 


INTRODUCTION 


Phosphorus is one of the three elements vital to 
plant growth, but it tends to be less abundant than 
the other two (nitrogen and potassium), particularly 
in soils that have been extensively cropped or in 
tropical soils that are thoroughly leached by acid 
ground water. 


U.S. GEOL. SURVEY PROF. PAPER 820 


515 


516 


About 70 percent of the domestic consumption of 
phosphate rock is in fertilizers, and the major use 
will continue to be in fertilizers because there is no 
substitute for phosphorus as a plant food element. 
Other uses are many; they include animal feed sup- 
plement, detergent, electroplating and polishing of 
metals, insecticides, medicines, and incendiary 
bombs. 

Phosphate fertilizers are used extensively in the 
developed countries, but are used sparingly or not at 
all in some of the less developed countries. Produc- 
tion of agricultural materials is limited by deficiency 
in plant nutrients, and chemical fertilizers, including 
phosphorus, are vital to the production of adequate 
food in the world. 

Phosphorus is found in minable concentrations in 
three principal environments—guano or deposits de- 
rived from guano, igneous apatites, and marine phos- 
phate deposits. Other types of concentrations such 
as phosphatized rock, residual phosphate, and river 
pebble deposits are secondarily derived. 

All types of deposits are found in the United States 
and are widely distributed areally and geologically. 
Occurrences of phosphate rock are known from al- 
most all geologic eras from Precambrian to Cenozoic, 
and in almost all of the States, but in 1971, phosphate 
rock was produced only from Ordovician rocks in 
Tennessee and Alabama; from Permian rocks in 
Idaho, Montana, Utah, and Wyoming; and from 
Miocene and Pliocene rocks in Florida and North 
Carolina. Some production from the Miocene of Cali- 
fornia is included in the totals for the Western 
States. Production in 1971 was about 38 million 
short tons, of which 83 percent was from Florida 
and North Carolina, 11 percent from the Western 
States, and 6 percent from Tennessee. About 27 mil- 
lion tons was used domestically; the rest was 
exported. 

Reserves of phosphate rock in Florida, North 
Carolina, and the Western States are measured in 
billions of tons in each area; Tennessee reserves are 
in millions of tons. These reserves can supply domes- 
tic demands for scores or hundreds of years, but 
political, economic, and ecological demands may 
radically alter the traditional supply patterns in the 
United States, and at some time in the future the 
supply of phosphate rock to the eastern seaboard 
may possibly come from foreign sources. 

World production of phosphate rock in 1970 was 
about 94 million tons. About 75 percent of the pro- 
duction came from marine phosphorite, 17 percent 
from igneous apatite, and the rest from guano- 
derived deposits. The United States produced about 
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40 percent, the U.S.S.R. about 20 percent, and North 
Africa about 20 percent. 

Reserves of phosphate rock in the world are meas- 
ured in scores of billions of tons and resources are 
equally vast. Most of the reserves and resources are 
in the marine phosphorites; reserves in igneous apa- 
tite are large but account for only a small percentage 
of the total and those in guano or guano-derived 
deposits are limited. 


EXPLOITATION 


The first record of phosphate rock mining was in 
1847 when a few tons of nodules (‘“‘coprolites’”) were 
produced from Pliocene beds near Suffolk in Eng- 
land; mining of igneous apatite began in 1851 in 
Norway. Mining of rock phosphate began after the 
discovery of Leibig and Lawes that bones and phos- 
phate rock treated with sulfuric acid increased crop 
response. 

The first mining of rock phosphate in North Amer- 
ica was of pegmatite apatite in Canada that started 
in about 1863; mining in the United States began in 
1867, when a few tons of South Carolina phosphate 
rock was produced. By 1870, production in the United 
States had reached 65,000 tons (table 104). Produc- 
tion of phosphate from Florida began in 1888, in 
Tennessee in 1894, and in the Western States in 1906. 
The maximum production of phosphate from South 
Carolina coincided with the start of production from 
Florida (table 104). The coincidence was due to the 
lower costs of producing from the much more exten- 
sive Florida deposits, and the increased Florida pro- 
duction eventually brought about the closing of the 
mines in South Carolina. 

Tennessee production is mostly from residual 
“brown rock” deposits and has steadily increased 
from 1894 to about 1965, except for a slight decline 
in the depression years of the 1930’s. For the past 
several years, the rate of increase of production from 
Tennessee has lessened and production in 1970 was 
slightly less than production in 1969. 

The first production of phosphate rock in Florida 
was a few thousand tons in 1888. Rate of production 
increased rapidly and by 1920 was 3 million tons per 
year. The rate of production decreased during the 
depression and war years of the 1930’s and 1940’s, 
and then increased rapidly; as a result by 1970 the 
production was 31 million tons. Production has 
leveled off in the last few years; 1969 and 1970 
showed slight decreases from the maximum year 
1968, but 1971 showed a slight increase. 

Production of phosphate from the Western United 
States began in 1906 and has increased steadily to 
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TABLE 104.—Marketed production of phosphate rock in the United States in each 10th year of 
the period of 1870 to 1970 and total production through 1971 


[In thousands of long tons. Data from U.S. Geological Survey ‘‘Mineral Resources of the United States” and U.S. 
Bureau of Mines ‘‘Minerals Yearbook’’] 


South 
Carolina 


through 


13,358 


494,896 


Western 

Tennessee States Others 1 Total 
Ree | eee 65 
2 Bt sot shy bee he 190 
go aya AEP po oe 511 
Reeeeeny 1 1,490 
10 5 2,656 
56 13 4,103 
Cie 3,927 
1635 2 o-oe= 4,002 
SBN i peek anon, 10,253 
SO ZA eee 18,202 
ARO ee eaters 38,739 
79,983 66,334 207 654,778 


1 Alabama, Arkansas, and Pennsylvania in 1900; Arkansas in 1910; Kentucky in 1920. 


2 Includes north Florida and North Carolina in 1970. 
3 Includes Alabama in 1970. 
“Includes California in 1970. 


more than 4 million tons in 1970. Production has 
leveled off somewhat in the last several years because 
of the general soft market for phosphate rock. 

The total production of phosphate in the United 
States has almost doubled in each succeeding decade 
since 1870 (table 104), except for the depression and 
war years, and by 1970 production had reached 38 
million tons. 

Total production of phosphate rock in the United 
States is about 654 million tons through 1971—76 
percent from Florida, 12 percent from Tennessee, 10 
percent from the Western States, and 2 percent from 
South Carolina. 


GEOCHEMISTRY 


Phosphorus is widely distributed in the earth’s 
crust, which contains about 0.23 percent P.O;. Most 
of the phosphorus occurs in minerals of the apatite 
group Ca,,(PO:;,CO;),(F,OH,Cl).. The structure of 
apatite is such that small amounts of VO,, As.O,, and 
SO, substitute for PO,, and Na, Sr, U, Th, and the 
rare earths may substitute for Ca. 

Apatite is relatively insoluble in alkaline or neu- 
tral waters, and its solubility increases as acidity in- 
creases and temperature decreases. Thus, although 
apatite may be residually concentrated in the first 
stages of weathering, it eventually breaks down. 
Some of the phosphate may be redeposited locally. 
In limestone terranes, apatite is again formed; in 
igneous terranes, iron and aluminum phosphates 
(variscite and strengite) are formed; and in clay 
soils, aluminum phosphates (wavellite and crandal- 
lite) are formed. 

Phosphorus is carried to the sea as phosphate min- 


erals adsorbed on iron or aluminum hydroxides or 
clays, in particulate or dissolved organic compounds, 
or in solution. 

The ocean is nearly saturated with phosphate, but 
the phosphate content of the ocean is not uniform. 
Deep cold water contains about 0.3 ppm PO, and 
warm surface water contains about 0.01 ppm. In the 
ocean, cold, nutrient-rich waters may be brought to 
the surface in several ways—by divergence upwell- 
ing, dynamic upwelling, turbulence, and convection. 
The solubility of phosphate in upwelling waters de- 
creases as temperature and pH increase near the sur- 
face, and apatite may then be precipitated by organic 
or inorganic processes. Phosphorites and the accom- 
panying rocks in the environment of upwelling— 
black shale, chert, and limestone—are depositional 
products from sea waters that change in composition 
as the result of physical, chemical, and biologic 
processes. 


TYPES OF DEPOSITS 


Minable concentrations of phosphate are found in 
igneous rocks, as sedimentary phosphorite, and as 
guano, or in deposits derived from guano. The term 
“phosphate rock” is applied to any rock that contains 
more than about 20 percent P.O;. “Phosphorite’” is 
equivalent, but is usually applied only to marine 
phosphate rocks. 


IGNEOUS APATITES 


Apatite occurs as intrusive masses or sheets, as 
hydrothermal veins or disseminated replacements, as 
marginal differentiations, or as pegmatites. Largest 
are the intrusive masses, which are commonly as- 
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sociated with alkaline igneous rocks including car- 
bonatite, ijolite, nepheline syenite, and pyroxenite. 
The larger deposits in the world are in the Kola 
Peninsula (U.S.S.R.), eastern Uganda and Palabora 
in Africa, and Araxa and Jacupiranga in Brazil. 

Reserves in individual deposits are measured in 
scores to hundreds of millions of tons. The phosphate 
mineral is a fluorapatite. P;0; contents are as high as 
36 percent, and weathering may form apatite-rich 
residual deposits overlying the surface of calcitic or 
dolomitic source rocks. 

Other forms of igneous apatite deposits are small- 
er and are lower in P.O; content. Examples in the 
United States include the ilmenite-apatite deposits 
of Virginia and the apatite-magnetite marginal 
deposits of the eastern Adirondacks. None of the 
deposits in the United States are being mined, and 
reserves and resources of this type of material are 
very small as compared with total resources of phos- 
phate rock. 

About 17 percent of the world’s production of 
phosphate is from deposits of igneous apatite; most 
of this is from the Kola Peninsula and Palabora. 


GUANO AND RELATED DEPOSITS 


All large accumulations of guano are formed at the 
surface by sea birds. Smaller quantities are formed 
in caves principally by bats. Reserves in most 
deposits are measured in thousands or hundreds of 
thousands of tons. The mineralogy of guano dezosits 
is complex inasmuch as it depends on the amount of 
leaching by surface waters. Slightly decomposed de- 
posits consist of ammonium and alkali oxalates, 
sulfates, and nitrates, and magnesium and ammoni- 
um-magnesium phosphates. Decomposed guano con- 
sists chiefly of calcium phosphates—monetite and 
whitlockite. 

In areas of even slight rainfall, the soluble phos- 
phate of guano is carried downward and replaces or 
alters the underlying rock. Apatite is the mineral 
formed where the underlying rock is limestone, and, 
over geologic time, deposits measuring scores of 
millions of tons have been formed on some of the 
islands of the western Pacific. Aluminum or alumi- 
num-iron phosphates (strengite and variscite) are 
formed where the underlying rock is volcanic. De- 
posits are known in several parts of the world (Mal- 
pelo Island, Colombia), but reserves are limited and 
processing costs are high. 

Guano has been mined from caves in various parts 
of the United States, but reserves and resources are 
negligible and world resources are small. Production 
of guano, largely from renewable sources, measured 
in terms of its phosphate content, is less than 1 per- 
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cent of the total production of phosphate in the 
world. 

Guano-derived deposits, particularly those in the 
western Pacific account for almost 5 percent of the 
world’s production of phosphate. Reserves are meas- 
ured in millions of tons. 


SEDIMENTARY PHOSPHORITE 


About 75 percent of the world’s production of 
phosphate rock is from deposits of marine phos- 
phorite. The richest and largest of these deposits 
form in warm latitudes, mostly between the 40th 
parallels and in areas of upwelling caused by diverg- 
ence. These areas are in the tradewind belts on the 
west coasts of the continents or in mediterranean 
seas along the equatorial side of the basin. 

Significant concentrations also form along the 
west sides of poleward-moving warm currents along 
the eastern coasts of continents. In these areas 
there are cool coastal countercurrents, such as along 
the eastern coast of the United States. 


DEPOSITS CAUSED BY DIVERGENCE UPWELLING 
OF SEA WATER 


Deposits caused by divergence upwelling are 
characterized by a suite of rocks that consists, in a 
shoreward direction, of black shale, phosphatic shale, 
phosphorite, dolomite, chert or diatomite, and saline 
deposits and red or light-colored sandstone or shale. 
The rocks grade laterally into one another, and be- 
cause of lateral shifts in environment due to epeiro- 
genic movements, the sequence may also be repeated 
vertically. The thickest accumulations of phosphor- 
ite form in areas of geosynclinal subsidence where 
clastic sedimentation is at a minimum; that is, a 
miogeosynclinal environment. Phosphorites are also 
found in the eugeosynclines, but are so mixed with 
the thick shale, chert, and volcanic materials of the 
eugeosyncline that thick high-grade deposits are not 
known and are unlikely. 

The phosphate in these rocks is carbonaceous and 
consists of pellets, some nodules, and minor phos- 
phatized bone material and shell. The pellets may 
have formed by direct precipitation or by diagenesis, 
and some are certainly replaced calcite (as for ex- 
ample, the phosphatized shell material). Individual 
beds may be several feet thick and contain 30 per- 
cent or more P.O;, and the beds may extend over 
hundreds of square miles. Phosphorite that was 
formed on the adjacent stable continental shelf area 
is generally associated with chert, calcareous chert, 
and light-colored sandstone and shale. The phosphate 
consists of nodules, pellets, and abundant phospha- 
tized shell and bone material; phosphatic sandstone 
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is a common textural type. Individual beds tend to 
be thinner than in the geosynclinal environment, but 
some beds thicken locally. P.O; contents are gen- 
erally between 20 and 30 percent. 

Examples in the United States of phosphorite 
deposited from upwelling water caused by diver- 
gence include the Permian Phosphoria Formation 
of the Western United States, the Miocene Mon- 
terey Formation of California, the Mississippian 
and Triassic deposits of Northern Alaska, and the 
Mississippian deposits of Utah. The very large de- 
posits of Kara Tau in the U.S.S.R., the Miocene de- 
posits of the Sechura Desert in Peru, the Cretaceous 
of Colombia, the Cambrian of Australia, and the 
extensive deposits of Cretaceous and Eocene age in 
Western and Northern Africa and the Middle East 
are also of this type. 


DEPOSITS FORMED IN WARM CURRENTS 
ALONG EASTERN COASTS 


Phosphorites formed in warm currents along the 
eastern coasts of continents consist of phosphatic 
limestone or sandstone. Black shale and chert are 
not found with these deposits, although some diato- 
maceous material may be present. The deposits are 
generally lower in amount of phosphate per unit 
area than are the miogeosynclinal deposits. The 
most important deposits of this type are those of 
the Eastern United States—Florida, Georgia, and 
North Carolina. Phosphate in the Upper Cretaceous 
Gramame Formation near Recife in Brazil is an- 
other example. 

Deposits of this type are economic only when they 
have been reworked by submarine currents, sub- 
jected to weathering, or both. Most deposits of this 
type must be further upgraded by some method of 
beneficiation after mining to provide an economic 
product. 

The deposits along the eastern coast of the United 
States are of middle Miocene age and extend from 
southern Florida to southern Virginia. The richest 
deposits are found in basins of structural lows on 
the flanks of domes that were rising at the time of 
phosphate deposition. The phosphorite may have 
been deposited by dynamic upwelling or by the cool 
countercurrent associated with the warm density 
current. Turbulence caused by the divergence of the 
cool coastal current due to the rising positive area 
may have assisted in deposition. 

Concentrations of organic growth and nutrients 
are found near the mouths of large rivers or in 
estuaries in which the outflow of surface waters is 
replaced by a countercurrent of sea water. Decay- 
ing organic material sinks and is trapped in the 
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inflowing sea water. Nutrients may accumulate in 
the system, and the estuaries may thus have a 
higher phosphate content than adjacent river or 
sea water. 

Such a process may account for the fact that the 
richer phosphate deposits in the Eastern United 
States are in the bays or basins (some of which may 
have been estuaries). At least this process may 
initiate precipitation. A combination of processes 
probably was operative during the formation of the 
phosphate deposits of the Eastern United States. 

Deposits of phosphate in eugeosynclinal sedi- 
ments, associated with chert, shale, and limestone, 
have been found in Nevada. The phosphate beds are 
thin and low in P.O; content and are not likely to 
be an economic source of phosphate rock in the 
forseeable future. 


DEPOSITS FORMED ON STABLE SHELVES 
OR IN CONTINENTAL INTERIORS 


The marine phosphate deposits that form on the 
stable shelf or in the continental interior are asso- 
ciated with limestone, dolomite, shale, and glau- 
conitic sandstone. The phosphate is in the form of 
nodules or grains that are large with respect to the 
matrix in which they are found. Individual beds are 
only a few feet thick, but commonly several beds 
contain phosphate. The phosphate beds contain from 
5 to 15 percent P.O;, but the nodules may contain 
as much as 35 percent. 

Examples of deposits of this type in the United 
States include beds in the Maquoketa Shale of Ordo- 
vician age in Illinois, Iowa, and Wisconsin; several 
formations of Ordovician age in Minnesota and 
Arkansas; the Oriskany Sandstone of Devonian age 
in New York, Pennsylvania, and Virginia; sand- 
stone of Mississippian age in Tennessee and Arkan- 
sas; black shale of Pennsylvanian age in Kansas, 
Missouri, and Oklahoma; shale of Pennsylvanian 
age in Arkansas; several beds of Cretaceous age in 
Alabama, Mississippi, Georgia, and Texas, associ- 
ated with limestone; and beds of Cretaceous and 
Paleocene age in Texas, Tennessee, Alabama, and 
Mississippi, and the northern Atlantic Coastal Plain, 
associated with glauconite. 

Some of the beds have been mined—for example, 
Mississippian sandstone of Tennessee, called “blue- 
rock,” and the Ordovician Cason Shale and Penn- 
sylvanian Hale Formation in Arkansas—but pro- 
duction was small. Reserves are small and resources 
are at best moderate, but these types of deposits 
could serve as local sources of phosphate rock in the 
future. 
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CONCENTRATION AND ENRICHMENT 
OF MARINE DEPOSITS 


The richest of the marine deposits have been con- 
centrated or enriched by secondary processes. For 
example, the deposits in the Bone Valley Formation 
of Florida were formed by submarine reworking of 
a phosphate-rich residuum. Leaching related to 
Pleistocene and modern weathering has further up- 
graded the deposits. The occurrence of phosphate 
gravels at unconformities is caused by weathering 
and reworking. 

River-pebble deposits occur as bars and in the 
flood plains of streams that drain phosphate areas 
in Florida, Georgia, and South Carolina. The 
streams concentrate coarse-grained phosphate par- 
ticles because of their size and specific gravity. 
Fine-grained phosphate particles, quartz sand, and 
clay are carried downstream, and the river-pebble 
deposits consist of coarse-grained phosphate nodules 
and quartz grains. The phosphate particles are low 
in P.O; content because of leaching by the acid 
waters of the stream. 

Chemical weathering of phosphatic limestone in 
a humid climate results in the removal of the solu- 
ble calcium carbonate and the consequent enrich- 
ment and concentration of the phosphate. The 
“brown rock” phosphatés of Tennessee and Ken- 
tucky are examples. Individual deposits are not 
large but they are grouped in such a way that the 
mined material can be hauled to a central recovery 
plant. The composition of the phosphate particles 
and their mineralogy are about the same -as the 
composition and mineralogy of the marine phos- 
phorite from which they were derived. 

The apatite mineral of sedimentary rocks is taken 
into solution by acid ground water, and P.O, may 
be precipitated if the solutions pass through 
aluminum- or iron-bearing rocks or through lime- 
stone. Secondary deposits in limestone areas, such 
as the white rock of Tennessee and the hardrock of 
Florida, consist of phosphate incrustations or ir- 
regular replacement. The P.O; content depends on 
the degree of replacement; some replacement de- 
posits are very high in phosphate content. Deposits 
are irregular in shape and are generally small. 


OTHER TYPES OF PHOSPHATE DEPOSITS 


Other sources of phosphate include bone piles, 
glauconite, and phosphatic iron ores that yield a 
basic slag in the Bessemer or basic open-hearth 
manufacture of steel. Bone piles are no longer an 
important source of phosphate. Glauconite (green 
sand) contains both K.O and P.O, and has some 
use as a fertilizer; reserves and resources in the 
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Cretaceous and Paleocene of the Atlantic Coastal 
Plain are very large. Phosphatic iron ore includes 
marine deposits like the Red Mountain Formation 
of Alabama as well as apatite-magnetite deposits. 
Basic slag (Thomas Meal) made in processing these 
ores contains about 8 percent P.O., and is used as 
a fertilizer. 

Phosphatie lake beds of Hocene age are known 
from intermontane basins of Wyoming and Utah. 
The beds that contain phosphate range in thickness 
from less than 1 to about 6 feet and contain an 
average of about 2 percent P.O;. The maximum 
P.O; is about 19 percent. 


RESOURCES 
IDENTIFIED AND HYPOTHETICAL RESOURCES 


Phosphorite deposits are known throughout the 
world and throughout the geologic column from the 
Precambrian to the Holocene. Data for tonnages of 
identified phosphorite in tables 105 and 106 are 
from all possible sources. Most of the figures for 
the United States are from unpublished data of the 
U.S. Geological Survey, including information from 
R. L. Detterman (written commun., 1972) for 
Alaska. Tonnages are computed in different ways 
for different deposits in the United States. For the 
unconsolidated phosphate sands of the Atlantic 
Coastal Plain, they are computed on the basis of 
recoverable product that contains a given percent 
BPL (bone phosphate of lime). In Tennessee, re- 
serves are computed as tons of rock that contain 
a certain percent P, and in the Western United 
States tonnage is phosphate rock, in the ground, of 
a given percent P.O;. Percent P.O; times 2.185 
equals percent BPL [equals Ca;(PO,).], and per- 
cent P.O; times 0.436 equals percent P. 

Tonnages for the United States shown in table 
105 are in metric tons of rock that contain more 
than 24 percent P.O;, and total tons for the Eastern 
and Western United States are changed to metric 
tons of percent P to conform with the tonnage fig- 
ures for other countries of the world in table 106. 

Tonnage estimates are fairly good for the United 
States, Africa, the Near East, and the Pacific 
Islands, but it is almost certain that the estimates 
are low, and perhaps very low, for Latin America 
and Australia. The resource estimates for Asia are 
probably low because of lack of detailed data, par- 
ticularly for China. 


SEDIMENTARY PHOSPHORITE 
UNITED STATES 
Hypothetical resources for the United States 
shown in table 105 are those for which reasonable 
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TABLE 105.—Phosphate resources of the United States 


[In metric tons of rocks containing more than 24 percent P20s] 


Identified 
resources 


Hypothetical 
resources * 


Eastern United States 


Atlantic Coastal Plain: 


Florida (Polk, Hills- 1.6 X 10° 700 X 10° 
borough). 
Florida (Manatee, Hardee, 500 X 10° 1X 102 
DeSoto). 
North Florida-South 300 X 10° 1.5 X 10° 
Georgia. 
Riverspebpley as she tb. ER wll 185 Dek 50 X 10° 
Hardrock wie! 2 20 ess 50 X 10° 1X 10° 
North Georciaac: + See OS hy ie 2S 1.6 X 10° 
sowida Cerone sp ee ee 500 X 10° 
North Carolina ~=--_-_-=- 2 X 10° 9 <X 10° 
Total Atlantic Coastal 4.4 X 10° 15.3 X 10° 
Plain (rounded). 
Tennesse, Kentucky, Alabama_ 80 X 10° 100 X 10° 
Others (Arkansas, Iowa) _____ 26 X 10° 16 X 10° 
Total phosphate re- 4.5 X 10° 15.4 X 10° 
sources, Hastern 
United States. 
Total, tons of phosphorus. 0.59 X 10° 1.69 X 10° 
Western United States 
Idaho, Montana, Utah, 6.0 X 10° 8.7 X 10° 
Wyoming (Phosphoria 
Formation). 
Utah (Mississippian rocks) --§ == = 2 -—----- 16 X 10° 
ANGRY, 2255S eb Ee einai eee iL 3 @ 
Others (Nevada, California) _- = = -—--_-__ 10° 
Total, phosphate re- 6.0 X 10° 9.7 X 10° 
sources, Western 
United States. 
Total, tons of phosphorus. 0.78 X 10° 1.02 < 10° 
Grand total, tons 1.4 X 10° MT SU? 


of phosphorus. 


1Tdentified resources: Specific. identified mineral deposits that may or 
may not be evaluated as to extent and grade, and whose contained 
minerals may or may not be profitably recoverable with existing tech- 
nology and economic conditions. 

? Hypothetical resources: Undiscovered mineral deposits, whether of 
recoverable or subeconomic grade, that are geologically predictable as 
existing in known districts. 


TABLE 106.—World phosphate resources 
[Metric tons of percent phosphorus] 


Identified Hypothetical 

resources ! resources 

WinitediStatessea- = 2 == eee ee 1.4 X 10° 2.7 X 10° 
Africa: Sedimentary __-_--_____-_ 3.5 X 10° 6 X 10° 
Womeouspe tet sow ee is) << al? 15 xX 10® 
INearhast aes. ie eS 13 X 10° .6 X 10° 
Latin America: Sedimentary -___ 80 X 10° .2 X 10° 
Weneousywese seo} 8 he oe 13 X 10° 10 X 10° 

Gilani orp eee Sean Sule WS 5 X 10° Nil 

Asia: Sedimentary ____________-_ Zeal? fi < OP 
Teme ou sp) = Sameera ne ay 3 bt nk 2 X 10° .2 X 10° 
AUstral tay eee eee See P\ S< i(oP il 3< alae 
Paciticais and spa eee es 6 X 10° 8) al)? 
Total (rounded) __-_______ 6 X 10° 9 X 10° 


1 Identified resources: Specific, identified mineral deposits that may or 
may not be evaluated as to extent and grade, and whose contained min- 


erals may or may not be profitably recoverable with existing technology 


and economic conditions. 
2 Hypothetical resources: Undiscovered mineral deposits, whether of 
recoverable or subeconomiec grade, that are geologically predictable as 


existing in known districts. 
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amounts could be assigned. Additional hypothetical 
resources are probably large. Although all these re- 
sources are hypothetical, those not enumerated in 
table 105 are of a lower order of precision in terms 
of tonnage and are deeply buried, low in grade, or 
contain deleterious gangue minerals, and as a result 
they pose such different mining and processing 
problems that it seems logical to discuss them sepa- 
rately. 

The principal additional hypothetical resource for 
the Western United States is contained in the 
Phosphoria Formation. Extrapolation of average 
thickness and phosphorus content over the entire 
area underlain by the Phosphoria indicates a total 
potential resource of about 16 x 10° tons of P. Of 
this amount, about 2 « 10° tons is represented by 
the identified and hypothetical resources shown in 
table 105. Subtracting this 2 x 10° tons from the 
total potential of 16 x 10° tons leaves about 14 x 
10° tons of P that may be considered to be an addi- 
tional hypothetical resource in the Phosphoria For- 
mation. Of this latter amount, 5 < 10° tons contains 
more than 24 percent P.O,;; 6 x 10° tons contains 
from 10 to 23 percent P.O,, and the rest consists of 
resources of low value. This resource will require 
new mining and processing techniques. 

Additional hypothetical resources in the Eastern 
United States can be divided into sandy phosphorite 
of the Florida and North Carolina type and phos- 
phatic carbonate rock such as the Hawthorn Forma- 
tion of Florida. Phosphatic carbonate rock may con- 
tain scores to hundreds of billions of tons of phos- 
phate particles, and as much as 10 x 10° tons of P. 
This material cannot be mined or processed with 
present methods. 

Sandy phosphorite deposits of the Atlantic 
Coastal Plain are known from central Florida to 
North Carolina, and additional undiscovered depos- 
its may be present in the subsurface as far north 
as Virginia. Deposits that are not known are com- 
pletely and perhaps deeply buried; resources may 
aggregate billions of tons of pellets and hundreds 
of millions of tons of phosphorus. 

In northern Alaska, hundreds of square miles are 
probably underlain by phosphorite, and the total 
tonnage represented would be billions of tons of 
rock that contain at least 10 percent P.O;, and thus, 
hundreds of millions of tons of phosphorus. 

Large resources of phosphate rock exist offshore, 
but close to the shoreline, in the Pacific Ocean from 
southern California to southern Baja California and 
in the Atlantic Ocean from North Carolina to 
southern Florida. 

Phosphate is present as very coarse nodules in 
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thin beds of shales and limestones in rocks of Ordo- 
vician, Devonian, Pennsylvanian, Permian, and 
Cretaceous ages in the midcontinent area of the 
United States. Phosphate particles are also concen- 
trated as lag gravels at unconformities in this area. 
Although the amount of phosphate per unit area is 
small, the aggregate amount of phosphate most be 
large, and it is possible that some of these rocks 
may be mined as local sources of phosphate in the 
future. 


LATIN AMERICA 


Large tonnages of phosphate are known in the 
Jurassic of Peru and the Cretaceous of Colombia. 
The phosphate-bearing rocks may extend through 
Peru, Bolivia, and Ecuador into Colombia, and the 
deposits in most of this area represent a large hypo- 
thetical resource. Miocene rocks of the Sechura area 
in Peru and in Falcon State in Venezuela contain 
phosphorite deposits. The Miocene rocks of the west- 
ern and northern coasts of South America should 
be examined to determine if additional resources 
are present. Along the Pacific Coast of Colombia the 
Miocene rocks are so thick that discovery of eco- 
nomic phosphate is not likely, but Miocene rocks in 
Heuador and Peru and the northern coast, particu- 
larly in Venezuela, are thinner and may contain 
additional resources. 

Deposits of the Florida type may be present in 
Upper Cretaceous and Tertiary rocks on the east 
coasts of continents. Deposits of this type occur in 
Cretaceous rocks of the Recife area in Brazil, but 
the potential is small because of the small area 
underlain by marine Cretaceous rocks. Deposits 
may also be present in Upper Cretaceous and Ter- 
tiary rocks along the present east coast of South 
America in Argentina. 


AFRICA AND THE NEAR EAST 


A very large area including much of the northern 
half of West Africa and all of North Africa and 
the contiguous parts of the Near East (Israel, Jor- 
dan, Saudi Arabia, Turkey, etc.), is a sedimentary 
basin in which the identified and hypothetical re- 
sources of phosphate are extremely large. The po- 
tential of this area is enormous. Deposits have been 
found in recent years in almost all parts of the 
sedimentary basin that have been examined. As 
details of the stratigraphy, structure, and paleo- 
geography are worked out, additional deposits will 
probably be found. No tonnage figures have been 
computed, but the total resources must be much 
larger than the numbers shown on table 106. 


ASIA 


Not a great deal of specific information is avail- 
able on this part of the world, but it is known 
that large sedimentary basins that contain rocks 
ranging in age from Cambrian to Cretaceous con- 
tain phosphorite deposits, and it is likely that ex- 
ploration will uncover additional large reserves. The 
potential for this area is great. 


AUSTRALIA 


Australia has identified and hypothetical resources 
of phosphate of Cambrian age in a large sedimentary 
basin in the interior of the continent. The total re- 
sources in this basin probably are extremely large— 
several times the combined total of the identified 
and hypothetical resources shown in table 106. 


GUANO AND RELATED DEPOSITS 


Little hope remains for finding additional re- 
sources of the guano type of deposit such as typify 
the Pacific Islands. All the Pacific Islands have 
been searched, and although additional reserves may 
be found they will, in all probability, be small. 


IGNEOUS APATITES 


Additional resources of igneous apatite are at best 
moderate, particularly in comparison with the total 
resources of the sedimentary phosphorites. Reserves 
in undiscovered alkaline rock suites probably will 
be hundreds of millions of tons in maximum size; 
many will be much smaller. Reserves of this type 
might be utilized as local sources in the future, and 
the possibilities of finding deposits of apatite should 
not be overlooked. 


SPECULATIVE RESOURCES 


Very little in the way of truly speculative re- 
sources of phosphate remain to be found. We can 
refine ideas and theories of the formation of marine 
phosphorite, but the positions of the shelf, craton, 
sedimentary basins, and geosynclines are known at 
least in broad outline for most periods of geologic 
time throughout the world. Not all the prospective 
areas have been searched for phosphate, and sedi- 
mentary basins where phosphate is known have not 
all been thoroughly and exhaustively studied. New 
deposits, then, remain to be discovered but all are 
considered to belong to the hypothetical class rather 
than the speculative. The total amount of phosphate 
rock in the world, as identified or hypothetical, is 
potentially so enormous that the assumption that 
truly speculative resources are small has little 
meaning. 


PHOSPHATE DEPOSITS 


Truly speculative resources may be present in 
Precambrian rocks as metamorphosed marine phos- 
phorite. Precambrian phosphorite deposits are 
known in several parts of the world and a study of 
the Precambrian should be made to determine the 
location of possible sedimentary basins. These basins 
should then be studied to determine if phosphorite 
deposits are present. 


PROSPECTING TECHNIQUES 


The geologic relations discussed earlier are the 
basis for prospecting, particularly in the outlining 
of large areas that are worthy of further examina- 
tion. 

Exploratory work should be concentrated on the 
search for marine phosphorite deposits. Deposits are 
very large; for example, it is estimated that phos- 
phate in the Phosphoria Formation was deposited 
over an area of 135,000 square miles, and the po- 
tential resources, therefore, are correspondingly 
vast. 

Most marine phosphorites were deposited in ba- 
sins of deposition in miogeosynclines or in subsid- 
ing areas on the adjacent relatively stable platform, 
and deposits have been classified as either geosyn- 
clinal or platform type. The first step in prospect- 
ing is to identify the large marine sedimentary 
basins of deposition. 

The second step is to determine whether any 
phosphate is present in the rocks of the basin. The 
typical suite of rocks associated with the deposits 
of phosphorite in the miogeosyncline is an invalua- 
ble aid to prospecting. The recognition of the black 
shale-chert-carbonate sequence in samples collected 
from oil exploration is a valuable clue to the loca- 
tion of a phosphorite deposit. Sandstone and light- 
colored shale and siltstone are much more abundant 
in the platform facies, but chert, calcareous chert, 
siliceous shale, and some carbonate rock are also 
present. 

Phosphorite is not a very distinctive rock and can 
be overlooked or misidentified. Most phosphorites 
contain rounded to ovoid structureless sand-size 
pellets. Phosphatized bone fragments, fecal pellets, 
and fish and sharks’ teeth are frequently found in 
phosphorites, and glauconite is a common accessory 
mineral. Any pelletal rock, particularly one that 
contains bone or teeth fragments, is worthy of 
further examination. Higher grade phosphorites 
may have a bluish-gray coating (phosphate bloom) 
on weathered surfaces, and high-grade phosphorite 
may also be distinguished by a fairly high specific 
gravity. 
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Phosphorite deposits are found where the rate of 
deposition of other clastic material is at a minimum. 
The phosphorite sequence, therefore, tends to be 
thin when compared with sedimentary sequences 
deposited elsewhere at the same time. 

In a given basin of deposition, the phosphorite 
tends to be concentrated at one stratigraphic posi- 
tion, although the phosphorite facies may transgress 
time. 

Phosphorite deposits may be structurally con- 
trolled. For example, phosphorite of the platform 
facies is deposited in structural basins on the flanks 
of domes or anticlines that were rising at the time 
of deposition. Structural controls, other than the 
broad geosynclinal basin, may determine the site of 
deposition in the deeper parts of the basin. 

All marine phosphorites contain uranium in 
amounts that are high enough so that these rocks 
can be identified by gamma-ray well logging and 
even by aerial radiometric reconnaissance. Anoma- 
lous amounts of uranium are present in acid streams 
that drain phosphatic terranes, and in covered areas, 
such as the coastal plains of the United States, the 
presence of uranium in stream waters may be a 
clue to the presence of a phosphate deposit. 

Large deposits of igneous apatite are related to 
alkalic rocks, particularly to carbonatites, and these 
rocks are related to the large rift zones. Many car- 
bonatite deposits are now known; several contain 
large apatite deposits. All carbonatites and areas 
where they may be present should be examined for 
phosphate. 

The only guano deposits that remain to be found 
are probably very small bat guano deposits in caves. 
Guano-related deposits, particularly those on arid 
coasts where there is modern dynamic upwelling of 
water, may remain to be found, and the possibilities 
should not be overlooked. 


PROBLEMS FOR RESEARCH 


Research is needed on a variety of problems that 
can be classified as recovery of byproducts, waste 
disposal, mining and processing, and geological. 

Minor elements that might be recovered as by- 
products include fluorine, vanadium, uranium, scan- 
dium, and the rare earths. Marine phosphorites, 
because of their vast tonnages, constitute signifi- 
cant resources of these elements. Pure apatite con- 
tains from 3.5 to 4 percent F; phosphorites prob- 
ably average about 3 percent. All marine phosphor- 
ites contain uranium, probably substituting for 
calcium in the apatite lattice, in amounts ranging 
from 0.005 to as much as 0.05 percent; the average 
is about 0.01 percent. The rare earths (lanthanides 
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and yttrium) form a solid solution in the structure | 


of apatite and make up from 0.01 to 0.1 percent by 
weight of marine apatite. Vanadium probably is 
concentrated in the organic material associated with 
phosphorites; the average vanadium content of 
phosphate rock in the Phosphoria Formation is 
about 0.03 percent and in Florida phosphate is 0.01 
percent or less. 

All these minor elements, except scandium, have 
been or are being recovered from phosphoric acid 
made by the wet process, and vanadium is now re- 
covered in the course of thermal processing. Because 
only about one-fourth of the phosphate rock mined 
is made into phosphoric acid, the maximum recovery 
of the minor elements can only be about 25 percent. 
The probability of the recovery of scandium from 
this source seems remote. Research is needed to de- 
velop better methods of recovery of all these ele- 
ments. 

Recovery of some of the elements is related to 
reduction in air and water pollution. Fluorine, re- 
leased in part as a gas in the chemical processing, 
cannot be allowed to escape in the effluent. Fluorine 
in the gas effluents is being controlled, but not all is 
being recovered. Research on methods of recovery 
of byproducts may lead to cleaner air and water 
effluents. 

Solid wastes formed in processing, particularly 
the slime (—200 mesh) fraction from the deposits 
on the Atlantic Coastal Plain, cannot be dumped 
into streams and are currently impounded in dams. 
Breaks do occur, causing water pollution. The slime 
fraction is a potentially valuable fertilizer, and re- 
search on control, disposal, and possible utilization 
of the slime fraction is of utmost importance. 

All open-pit mining, chemical processing, and dis- 
posal of mining and chemical wastes are now and 
will be increasingly regulated by clean air and water 
laws and by land reclamation laws. The phosphate 
mining and processing companies are reclaiming 
land in Florida and Tennessee and are working to 
solve problems of air and water pollution, but addi- 
tional research is certainly needed. If there is any 
significant air or water pollution or ruining of land 
by mining in the future, legislation could force phos- 
phate mining companies out of business and dras- 
tically change the export-import balance of phos- 
phate trade. 

Mining of phosphate rock is geared to shallow 
open pits and to underground mining above entry 
level. To utilize much of the hypothetical resources 
in the United States, new or different mining meth- 
ods will have to be devised, and processing methods 
to recover the phosphate particles will also have to 


be changed. Much of the hypothetical resource is 
carbonate rock containing phosphate pellets, and the 
recovery methods currently used are not effective. 
Although minable reserves are sufficient for many 
years, the beginning of research on mining and 
processing problems should not wait until these re- 
serves are nearly exhausted, but should be started 
promptly. 

An additional set of chemical problems has to do 
with the amount and kind of trace metals present 
in phosphate rock. Certain minor elements are neces- 
sary for plant growth; among these are boron, 
copper, manganese, molybdenum, and zine. These 
elements are all present in marine phosphorites, but 
are removed during chemical processing, only to be 
readded to the chemical fertilizer in about the same 
amount that was removed. Research is needed on 
methods of retaining these minor elements in 
chemical processing of phosphate rock. 

Geologic problems are related particularly to the 
discovery of new ore deposits of high grade. The 
hypothesis that marine phosphorites were deposited 
in miogeosynclines at some distance from the 
source of clastic sediment and only at low latitudes 
has proved workable. Each miogeosynclinal basin 
should be investigated particularly with respect to 
plate tectonics and the paleolatitude of the basin at 
the time of phosphate deposition. Thus, a knowledge 
of paleogeography, paleolatitude, paleocurrents and 
wind directions, and structure within the basin at 
the time of deposition is all important in determin- 
ing the locus of possible phosphorite deposition. 

For deposits on the east coasts of continents— 
the Florida-type deposits—again a knowledge of 
structure, geography, and current and wind direc- 
tions is important. These deposits are likely to be 
buried, and any geologic parameters that might be 
used to reduce the size of the target area to be 
drilled are of great importance. 

Much remains to be learned about the chemistry 
of deposition of marine phosphorites. Phosphate 
may be precipitated chemically and biologically. The 
source of the phosphate might be ocean water itself, 
rivers entering the ocean, estuaries, the phosphatic 
bodies of fish and animals, or volcanic emanations 
onto the ocean floor, or some combination ofall of 
these. The marine phosphorites are large; they con- 
tain billions of tons of phosphorus, and whatever 
the source, the phosphorus has to be available over 
long periods of time. 

Problems of reserves would not appear to be im- 
portant, in view of the extremely large identified 
tonnages, but phosphate is a low-unit-value com- 
modity and shipping costs can put the material out 
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of reach economically, particularly to farmers in 
developing countries. There are, therefore, problems 
of developing resources in the countries where phos- 
phatic fertilizer is needed. 
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ABSTRACT OF CONCLUSIONS 


Mineral fillers are finely ground, generally white, mineral 
or rock additives that impart necessary or desirable physical 
properties to a product. Mineral pigments are mineral-de- 
rived powders added for the sole purpose of giving color. 
The functions of fillers and pigments overlap inasmuch as 
one of the common purposes of a filler is coloring. 

The principal natural pigments are iron oxides, mainly 
hematite and limonite, that include various quantities of 
clay and some manganese dioxide. Production of natural 
iron oxide pigments is small and is decreasing and is being 
replaced by production of synthetic iron oxide from proc- 
esses using scrap iron, or copperas from TiO: production. 

The manufacture of pigments from zinc ore, from rutile 
and ilmenite, and from petroleum products is a major in- 
dustry. Zinc oxide is the principal zinc pigment made from 
zine ore. Manufacture of zine oxide consumed 16 percent 
of zinc mine production in 1969, and the consumption trend 
is growing. Manufacture of TiO. pigment from ilmenite 
and rutile is the main use of these minerals and consumed 
96 percent of titanium ore production in 1969. Production 
of carbon black as a pigment and rubber reinforcing agent 
consumed more than 98,000 million cubic feet of natural 
gas and 524 million gallons of liquid hydrocarbon. Together 
the value in sales of these three manufactured pigments in 
1969 totaled $426 million. 

Mineral fillers are made from many rocks and minerals, 
but kaolin, limestone, and tale make up about 84 percent 
of the total consumption. Fillers are essential components 
in paint, paper, plastics, pesticides, rubber, roofing, and 
fertilizer. Many fillers can be substituted for each other, 
but some have unique properties needed by certain products. 
The use of wollastonite as a filler is a recent innovation. 
More than 15 rocks or minerals are commonly used as fillers, 
and in 1969 more than 7,000,000 short tons of fillers valued 
at more than $350 million was used in the United States. 

Consumption of pigments and fillers is intimately tied to 
the needs of a complex industrial society. The demand for 
these materials is expected to grow. Resource data for the 
basic ingredients of many pigment and filler commodities 
are given in other chapters of this volume. 
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INTRODUCTION 


This report reviews the rocks, minerals, and fuels 
consumed in the United States for the production 
of pigments and fillers. It discusses (1) only the 
pigments made directly from minerals, metallic ores, 
and carbon black, made from gas and oil, and (2) 
only rock- and mineral-based fillers. Most natural 
mineral pigments and fillers are processed simply 
by grinding to very fine sizes. In addition some are 
calcined, and colored pigments are finished by mix- 
ing with white pigments to obtain desired tints. 

Other pigments are manufactured from metallic 
ores by chemical processes, and carbon black is pro- 
duced from gas and oil by incomplete combustion 
or petrochemical methods. 


TERMINOLOGY 


Fillers in the simplest sense are powders that are 
added to substances for some useful purpose. Al- 
though mineral fillers originally were intended to 
act mainly as adulterants and substitutes for more 
expensive compounds, their principal function now 
is to give some desirable or necessary property to a 
product. Commonly one of the many functions of 
fillers is to add color. Therefore, the functional field 
of fillers overlaps that of pigments, which in the 
purest sense are insoluble powders added only to 
color or tint. Because of the coloring function of 
fillers, some users refer to them as pigments. For 
example, in the rubber industry the finely divided 
clay and carbon black acting as reinforcing agents 
are called “rubber pigments,” even though coloring 
is not necessarily their function. A recent paper 
(Kollonitsch and others, 1970a, b), in which the 
market for many mineral fillers is discussed, calls 
them “functional mineral pigments,” distinct from 
“primary pigments” whose only function is coloring. 

The paper industry, a major consumer of fillers, 
calls them “fillers” or “coaters’’ depending upon 
whether the filler is “loaded” among the fibers of 
the paper sheet or is used as a surface coating. The 
paint industry uses fillers to help form the paint 
film and to extend or spread out the more expensive 
pigments and hence ealls fillers “extenders.” The 
pesticide and fertilizer industries use the inert but 
absorbent qualities of some fillers to dilute and 
carry the chemicals and hence call them “carriers.” 
This carrier-chemical combination in turn is diluted 
further for field application by fillers known as 
“diluents.” 

In order to avoid confusion, mineral filler as used 
in this report is synonymous with the special terms 
just mentioned and is a finely ground and generally 
inert rock or mineral powder added to give desira- 
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ble or necessary physical properties to a finished 
product. A mineral pigment as used in this report 
is an insoluble powder added only for the purpose 
of imparting color, tint, or opacity to a finished 
product. By these definitions, a pigment is a one- 
purpose filler serving only to color. 


NATURAL PIGMENTS 


A comprehensive survey of the iron oxide pigment 
market in the United States and Great Britain re- 
cently appeared in the periodical ‘Industrial Min- 
erals’ (197la). The principal previous study of 
mineral pigments was by Siegel (1960). Much of 
the information in the following paragraphs is from 
these sources. 

Mining of pigments was one of the earliest min- 
eral industries of primitive man and in America 
was done extensively by the Indians. Most notable 
among the mineral pigments are the earth colors 
produced by iron oxides. Some other mineral pig- 
ments are ultramarine from lapis lazuli, green 
earth from weathered basaltic tuffs, and a very un- 
stable blue from azurite. Alteration of the latter 
might be responsible for the now green skies in 
some old Italian paintings (Ladoo and Myers, 1951). 

Most pigments now are produced synthetically 
from ores or metals or as byproducts of other proc- 
esses. The only important production of mineral 
pigment is from the natural iron oxides because 
they are inexpensive and available, although the 
market for these too is threatened by synthetic iron 
oxides because the consistency of color and particle 
size from synthetic iron oxides are more easily 
controlled. Increasing use of organic dyes has also 
cut deep inroads in the natural pigment market. 


IRON OXIDE PIGMENTS 

The principal iron oxide pigments are ochers, 
siennas, and umbers. Compositions vary widely, but 
limonite and hematite are the principal coloring 
agents. Mixed with these are various quantities of 
manganese oxide, clay, and in the case of Vandyke 
brown, organic material in the form of humates. 
Table 107 gives the approximate composition of 
earth pigments. 


TABLE 107.—Approximate composition of earth pigments, 
in percent 
[Adapted from Siegel, 1960] 


Ocher Sienna Umber 
Ne O03. ==--5--e 17-60 25-75 37-60 
SiO} 222 ch ae 35-50 10-35 16-35 
ALO: 2222.2. eo eee 10-40 10-20 3-13 
MnO; (52 eee ee eee (*) 11-23 
H.O loss on ignition ~_--- 10-12 15-20 10-15 


1 Small percentage. 


PIGMENTS AND FILLERS 


Even though gradation of shades between ochers, 
siennas, and umbers is complete, the natural iron 
oxides can be conveniently classified according to 
their colors. Table 108 lists their properties, sources, 
and uses. 


TABLE 108.—Natural iron oxide pigment colors and sowrces 


Principal United 
Colors Trade world States Comment 
names sources sources 
Yellow and Yellow ocher, South Africa; Cartersville, Permanent, 
yellow- Roman France. Ga. Henry, opaque. 
brown. ocher, Va., 
Chinese Eastern 
yellow. Pa, 
Red and Persian red, Ormuz Island, Mather iron Permanent, 
red-brown. Spanish Persian ine, opadque. 
red. Gulf; Jaen, Marquette 
Spain ounty, 
ich. 
Brown), =-—== Raw umber, Cyprus —--~_ Imported ___ Permanent 
named for colors; Raw 
Umbria, umber is 
Ttaly. calcined to 
remove or- 
ganic ma- 
terial and to 
oxidize the 
ferrous oxide 
to Fe203 and 
produce burnt 
umber. 
Dark brown -Burnt umber___-do —_____ Imported --_ Do. 
Dark yellow- Raw sienna _Sienna, Italy_Imported; Transparent, 
brown. ochers therefore can 
from be used for 
Georgia staining; raw 
are some- sienna cal- 
times called cined to pro- 
sienna). duce burnt 
sienna. 
Bright Burnt sienna____do ______--- dog===——— Do. 


Teddis! 


brown. 
Brown-black —~Vandyke 
brown. 


pS eee eh eee eee eee Contains 
humates; fades 
to gray when 
exposed to 
bright light. 


Micaceous iron oxide, a pigment not included in 
tables 107 or 108, is a special-purpose pigment used 
to make anticorrosive paint and is not used for its 
color. Austria is the principal source, and about 
8,000 tons per year is mined from large continuous 
deposits. An unspecified quantity is imported by 
the United States, although this type of paint is not 
commonly used here (Am. Paint Jour., 1970). In 
England, some railway bridges painted in 1944 with 
this pigment have not rusted except where scratched 
by the inevitable graffiti (Indus. Minerals, 1971a). 

Most mining of iron oxide pigments in the United 
States is on a small scale. The largest production 
is from the Mather mine in Marquette County, up- 
per Michigan, where it is a coproduct of iron min- 
ing. About 25,000 tons of hematite, about 1 percent 
of the annual mine production, is produced there 
for the pigment, paint, and chemical industries. 
Other production is from small mining operations 
mainly in Georgia, Virginia, and Pennsylvania. The 
deposits in these States are limonite and ocherous 
material that has been leached from pyrite-bearing 
sedimentary rocks and redeposited by ground water 
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in fractures or in the residual soil. Deposits in 
Georgia are in fractures and fault zones in Cam- 
brian quartzites; and in eastern Pennsylavnia, 
residual deposits are associated with Paleozoic lime- 
stones and quartzites. The deposits of residual 
limonite in Virginia are in two belts, one along the 
west slope of the Blue Ridge Mountains and the 
other associated with Cambrian quartzites in Pu- 
laski County (Siegel, 1960). These deposits at one 
time were the sites of small-scale iron-mining op- 
erations, but now they produce only pigment. 


IRON OXIDE PIGMENT MARKET IN THE 
UNITED STATES 

Although the demand for pigments is increasing, 
the sale of natural iron oxides for pigments is de- 
clining. In 1969, finished pigments in the amount of 
142,900 short tons valued at $32.3 million were sold; 
in 1970, sale of 40,800 short tons of crude natural 
pigments was $362,000. Imports of refined and syn- 
thetic iron oxides were 33,431 short tons, close to 
the amount of mine production in the United States 
(Fisher, 1969). Synthetic iron oxides are taking an 
increasingly large share of the world market. Im- 
ports into the United States include about half syn- 
thetic material. 


COMPETITIVE MATERIAL 


Although synthetic iron oxide pigment has re- 
placed natural iron oxide in much of the market, 
the use of the natural material continues steadily 
in some areas. The synthetic material is produced 
mainly in two ways—one, by precipitation of fer- 
rous hydroxide from an iron salt solution; and the 
other, by calcination of hydrated ferrous sulfate 
(copperas). The first process uses scrap iron as a 
raw material, and the second uses byproduct fer- 
rous sulfate from the production of titanium dioxide 
from ilmenite. No iron ore is used as raw material 
by the synthetic iron oxide industry. West Germany 
leads the world in this industry with exports alone 
totaling 125,600 short tons in 1970 (Indus. Minerals, 
1971a). The United States produced 70,507 short 
tons in 1969. Not all synthetic iron oxide goes to 
the pigment industry; an unspecified amount is used 
to produce ferrites which are increasingly being 
used for their magnetic and electrical properties. 


PROSPECTING AND FIELD TESTS 


Almost any ocherous soil, vein, or deeply colored 
red, yellow, or brown sedimentary rock is poten- 
tially an iron oxide pigment. Most of these deposits 
are diluted with clay and other impurities; conse- 
quently their tinting strength is low. A simple test 
in the field for tinting strength is to grind the ma- 
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terial in a mortar and mix it with 10-20 times its 
weight of powdered ZnO and then to compare with 
commercial pigments treated similarly to disclose 
the tinting strength. Dilution with white ZnO is 
called “letting down” the pigment and is done to 
obtain desired shades in finished pigments. Another 
test is to determine the effect of particle size on the 
color. Hach pigment has an optimum particle size, 
close to 1 micron, below which light scattering 
causes some undertones to be lost. On the other hand 
particle size above 2 microns causes a rough paint 
film. Tests for other properties, such as oil absorp- 
tion, hiding power, and mass color are also impor- 
tant and are described by Siegel (1960). 


RESOURCES OF IRON OXIDES FOR PIGMENTS 
Because synthetic and byproduct iron oxides are 
rapidly replacing the use of natural oxides, specu- 
lation here about resources of the natural oxides 


that are discussed in the iron chapter of this volume | 


is probably not significant. However, it is well to 
remember that red and yellow ocherous materials, 
such as in gossans, have a market, if they occur in 
sufficient quantity to be recovered easily. Ladoo and 
Myers (1951, p. 348) describe an operation in 
which pigment is extracted from acid coal-mine 
drainage: 

. . . In Pennsylvania, where pigment recovery is attempted, 
logs and rocks are placed in the discharge of mine waters 
pumped from the mine. These obstacles agitate the water 
and aerate the solution, introducing oxygen and thereby 
accelerating the precipitation of the iron oxide. Economical 
recovery can be obtained only where there is a substantial 
tonnage within a few hundred feet of sufficient thickness 
to permit movement by ordinary shoveling ... The yellow 
mud is shoveled from the stream, which may be diverted, or 
in some cases from the floor of the mine tunnel, with care 
to avoid contamination by soil or coal... 

Acid mine drainage charged with iron salts is 
one of the many pollution problems facing us today. 
Perhaps a more efficient process than that described 
above of aerating and recovering the precipitate 
from such water might provide a salable resource 
while aiding in cleaning the streams of iron in 
these problem areas. 


MISCELLANEOUS PIGMENTS 


Graphite, magnetite, and some carbonaceous slates 
have been used for black pigments, but the market 
for these materials as pigments is very small, with 
graphite the leading commodity. In 1969, graphite 
in the amount of 182 tons valued at $28,000 was 
consumed for paints and polishes. Magnetite is one 
of the few minerals that grinds to a black powder, 
but statistics on its current consumption as a pig- 
ment are not available. 
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MANUFACTURED PIGMENTS 


Zine ores, ilmenite and rutile, and fossil fuels are 
used as raw materials in the production of ZnO, 
TiO:, and carbon black, respectively—all major 
pigments. 


ZINC PIGMENTS 


Production of zinc compounds used for pigments 
in 1969 consumed 120,700 short tons of zinc ore of 
which 89,900 tons was domestic and represented 16 
percent of total zinc mine production in the United 
States. The percentage used for pigments has been 
steadily increasing, and this use should continue as 
an important market for zinc ores. 

The principal zine compounds used as pigments 
are zinc oxide, zine chloride, zinc sulfate, leaded 
zine oxide, and lithopone, a coprecipitate of zinc 
sulfide and barium sulfate. Shipments of zine oxide 
and zine sulfate, produced mainly from zine ore, 
have increased sharply as zine oxide production has 
increased since 1960. The other zinc compounds are 
produced mainly from slab zine and scrap and as 
byproducts. Consumption of zine pigments other 
than zinc oxide and zine sulfate is decreasing 
(Moulds, 1969). 

Zine oxide is used mainly in the manufacture of 
white rubber products such as white sidewall tires. 
The rubber industry consumed 116,000 tons of zine 
oxide in 1969, representing 53 percent of lead-free 
zine oxide production (Moulds, 1969). The manu- 
facture of photosensitive copying paper consumed 
27,600 tons of zine oxide, and the manufacture of 
paint, particularly alkyd-latex paint used 25,200 
tons. Other zinc compounds used as pigments were 
consumed mainly by the paint industry. 

The total value of zine pigments produced in the 
United States from zine ores in 1969 was about 
$77.5 million out of about $80 million for zinc pig- 
ments from all zine materials. During the year the 
United States imported an additional 23,500 tons 
of zinc pigments, an increase over previous years, 
and these imports were valued at $4.5 million 
(Moulds, 1969). Resources and other aspects of the 
zine industry are discussed in the chapter of this 
volume on zinc. 


TITANIUM DIOXIDE 

Titanium dioxide, a very important pigment, is 
made from ilmenite, rutile, and titanium slag that 
is the residue after smelting ilmenite. All titanium 
dioxide for use as pigment is recrystallized after 
chemical treatment of the mineral concentrates. 
The resulting TiO, is synthetic rutile or anatase or 
a mixture of the two. Both have very high reflect- 
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ance; and because of rutile’s high index of refrac- 
tion, the rutile-type pigment has a very high opacity 
or hiding power, making it valuable for paint or as 
a paper coating. 

Titanium dioxide for pigment is the principal 
product of titanium ores in the United States. Of 
1.29 million tons of concentrates mined in 1970, 
1.24 million tons or 96 percent was made into titan- 
ium pigments. The paint and paper industries con- 
sumed 76 percent of this and the remainder was 
divided among rubber, floor covering, textiles, ink, 
ceramics, and plastics manufacture and exports. 
The value of titanium pigments shipped in 1969 
was $333 million for 652,000 short tons (Noe, 1970) ; 
data for 1970 are not available. Other aspects of 
titanium and its resources are covered in the chap- 
ter of this volume on titanium. 


CARBON BLACK 

Carbon black is a nearly pure micron-sized car- 
bon produced from natural gas or liquid petroleum 
by incomplete combustion or by thermal decomposi- 
tion under carefully controlled conditions that de- 
termine the particle size, structure, and physical 
properties. Although carbon black is virtually a 
black pigment, its main use is as a reinforcing agent 
in tire rubber. As a pigment, it is used in ink and 
paint. The plastics industry used only a small 
amount of carbon black to color plastics until it 
was discovered that a larger percentage greatly im- 
proved the resistance of polyethylene to becoming 
brittle from sunlight aging. Now as much as 50 
percent carbon black is added to polyethylene cable 
coverings for this purpose (Kelley and Harper, 
1970, p. 66), another example of the overlapping 
functions of pigments and fillers. 

A direct relation exists between the expanding 
rubber industry and the growing consumption of 
carbon black. Other uses of carbon black, especially 
in inks and paints, do not show a similar increase 
in growth. Production of carbon black in 1969 was 
1.48 million short tons valued at $215 million. About 
98,251 million cubic feet of natural gas and 524.4 
million gallons of liquid hydrocarbons were con- 
sumed in its production. A process having an effi- 
ciency of 1—5 percent and using natural gas to pro- 
duce “channel blacks” is giving way to much more 
efficient processes as the price of natural gas climbs 
(Kelley and Harper, 1970). Exports in 1969 were 
98,100 tons of carbon black, which represented a 
25.4 percent decrease from 1968 despite increased 
foreign production of tires. Expansion of U.S.- 
owned and foreign-owned carbon black companies 
close to sources of foreign gas and oil accounts for 
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this decrease in our exports (Kelley, 1969, p. 247). 
Imports in 1969 were 3,000 tons of specialty carbon 
blacks. 


OUTLOOK FOR PIGMENTS 


The demand for pigments is directly related to 
the manufacture of paint, printing inks, and color- 
ing matter for rubber and plastics. These products 
are all voraciously consumed by a suburbia- and 
automobile-oriented society such as that of the 
United States. The demand for pigments will grow 
as population and gross national product increase. 

The demand for natural mineral pigments, such 
as iron oxide, however, is being supplanted by syn- 
thetic pigments because consistency of the manu- 
factured product is more easily controlled. This 
trend toward the synthetic probably will continue 
although the market for good natural pigments will 
undoubtedly continue. Recovery on a large scale of 
iron oxide pigments as a byproduct of treatment of 
acid mine water is an intriguing possibility for the 
future. 

Production of ZnO, TiO., and carbon black is 
increasing, and because these pigments are basic in 
the manufacture of paints, rubber, and plastics their 
demand will expand with the national growth. 


MINERAL FILLERS 


Mineral fillers are finely ground, generally inert 
rock or mineral additives used for the purpose of 
giving necessary or desirable physical properties to 
a finished product. Almost any rock could be pul- 
verized and serve some of the many functions of a 
filler; however, several rocks and minerals satisfy 
the rigid physical specifications of filler products 
particularly well and are the backbone of mineral 
filler consumption, which reached 7 million tons in 
1969. The principal filler materials are kaolin, lime- 
stone, diatomite, carbon black, talc, asbestos, mica, 
barite, fuller’s earth, pyrophyllite, and wollastonite. 
Many of these have specific properties, such as the 
fibrous particle shape of asbestos, that makes them 
uniquely suited for certain uses. Others, however, 
such as kaolin, tale, and pyrophyllite, can be substi- 
tuted for each other for some purposes; their use 
than also depends on availability, transportation, 
and cost of mining and beneficiation. Because of 
these additional factors and the ability of some filler 
minerals to be substituted for others, attention 
should be paid by geologists, working in districts 
with convenient transportation to industrial parts 
of the country, to the potential suitability of white- 
grinding fairly soft, chemically inert rocks and 
minerals for use as mineral fillers. 
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INDUSTRIAL FILLER USES AND 
REQUIREMENTS 


Of the varied industries using mineral fillers, each 
has specific requirements for the fillers it consumes. 
Much of the following information on the use of 
fillers was obtained from Cummins (1960). 


ASPHALT OR BITUMINOUS COMPOSITIONS 


Fillers are used in asphalt composition for road 
paving, roofing, reservoir linings, tile, joint sealers, 
battery boxes, and many other products to increase 
the viscosity, melting point, resistance to mechanical 
stress, hardness, or resistance to weathering. In 
many products the filler is loaded to nearly 50 per- 
cent, and in items such as asphalt tile, filler is the 
major component. In asphalt products the filler par- 
ticles form an interlocking skeletal lattice which 
provides high viscosity and strength. Therefore, 
fibrous or platy particle shape is a more important 
property of the filler for asphalt products than are 
color and smoothness. 


PAINT 


Fillers used in paint are known as extenders be- 
cause they hold more expensive pigments in suspen- 
sion and upon drying form the paint film which 
supports and spreads out the pigment. Here the de- 
sirable mineral properties are platy or fibrous parti- 
cle shape, smoothness and extreme fineness, high 
reflectance, and low oil absorption. The latter is im- 
portant because most paints use oil and resins as 
vehicles, and therefore more pigment filler can be 
used per volume of oil and drying time is reduced if 
the oil is not absorbed by the filler particles. Desira- 
ble qualities sought through the proper choice of ex- 
tender are consistency of film formation, film tough- 
ness, resistance to weathering, flatness, opacity, and 
a reduction of costs through using less prime pig- 
ment. Generally a mixture of extenders is used in 
order to get the desired paint qualities. With the 
increased use of water-based latex paints some con- 
sideration is given to the alkalinity of the filler in 
order to increase corrosion resistance. Most fillers 
are inert, but some, such as wollastonite, produce 
alkaline suspensions (Andrews, 1970), which are 
desirable to decrease “rusting through” of nail heads 
and rusting of paint cans and are compatible with 
pigments that would react if used in low pH suspen- 
sion. Uniform fineness of particles is extremely 
important for paint extenders, because coarse par- 
ticles show on thin paint films. For most uses, fillers 
must pass a 325-mesh screen, but as paint extenders 
they are ground to micron sizes, and techniques to 
grind particles finer are actively sought. 


UNITED STATES MINERAL RESOURCES 


PLASTICS 

Plastic floor tile has long been a major consumer 
of asbestos and other fillers. Inasmuch as the plas- 
tics industry is rapidly expanding and developing 
new products, many more types of mineral fillers 
are being used. The consumption of talc, wollaston- 
ite, and other fillers is rapidly expanding for this 
use because of the strength, electrical and heat re- 
sistance, and whiteness of these fillers. Carbon 
black is used to increase resistance of polyethylene 
to sunlight aging although it was used initially as 
a pigment. Properties desired from fillers in plastics 
are color, strength, electrical and heat resistance, 
increased melting point, stiffness, decreased brittle- 
ness, and low shrinkage. Many plastic products con- 
tain nearly 50 percent filler, which is responsible 
for most of the physical properties of the products. 


RUBBER 


The rubber industry is a major consumer of fillers 
used as reinforcing agents to increase tear resist- 
ance, abrasion resistance, stiffness, heat dissipation, 
and electrical resistance and to intensify color. Much 
research has been done by the rubber industry to 
understand the actual physical function of filler 
particles in rubber (Huber Corp., 1955; Cummins, 
1960). Particle size required for rubber fillers de- 
mands nearly 100 percent passing through a 325- 
mesh screen. Grit particles tend to cause tearing 
and excess wear of cutting and extruding equipment. 
The percentage of loading fillers depends upon the 
desired quality of the finished rubber product, and 
a wide range up to more than 50 percent is common. 
For white rubber products color is important, and 
barite, zine oxide, and titanium oxide are used with 
kaolin. Barite is also used to increase specific grav- 
ity, as in rubber mallets. Carbon black is the major 
reinforcing pigment used by the rubber industry. 
Kaolin also is an important rubber filler and is used 
to increase hardness and abrasion resistance. Very 
fine grained kaolin produces hard rubber, hence is 
known as “hard clay.” “Soft clay,” a coarser clay, 
allows rubber to remain soft. 


PAPER 


Another major consumer of fillers is the paper 
industry. This industry uses mineral fillers in two 
ways, one as a filler or loader, in which filler mixed 
with bonding agents fills the voids between the felted 
cellulose and textile fibers to be rolled out as the 
paper sheet, and the other as a surfacing material 
or coating where whiteness, opacity, and gloss are 
desired. Pigments and mineral fillers, for example 
flux-calcined diatomite with TiO., are often used in 
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combination for coating. In this combination, the 
diatomite is a pigment extender (Cummins, 1960). 
Chalk and Harris (1968) give a thorough discussion 
of the uses of mineral fillers by the paper industry. 


PESTICIDES 

Mineral fillers are used as diluents and carriers 
for insecticides and fungicides. Because the toxic 
elements cannot be distributed efficiently or effec- 
tively in the concentrated form, they must be diluted 
in liquids or dusts to insure proper distribution and 
a concentration that will not have deleterious effects 
on the host, yet will destroy the harmful organisms. 
The toxic chemicals are first mixed with a mineral 
powder known as a carrier to make a concentrate 
that is simple to store, ship, and handle prior to use 
in the field. Mineral fillers suitable for carrier use, 
like diatomite, fuller’s earth, and some clays, are 
highly absorptive. These must be dispersible in 
liquids for sprays and must be inert and compatible 
with the toxicant involved. Fineness and low abra- 
siveness are important to avoid clogging and excess 
wear of nozzles. 

This carrier-pesticide mixture usually is further 
diluted for application from aircraft or ground 
equipment. The filler used for this application is 
known as a diluent. It must be of fine particle size 
and have low abrasiveness but need not be highly 
absorptive like the carrier. A good pesticide carrier 
also acts as a grinding aid in preparation of some 
pesticides, and as a conditioning agent for the 
diluent, so that dust is free flowing but will stick 
to the plant surface for maximum exposure to the 
harmful organisms (Cummins, 1960). 

One interesting aspect of diluents and carriers is 
that some mineral dusts cause very high mortality 
rates on some insects and larvae when applied even 
without the toxic chemicals. Apparently these min- 
eral dusts clog the digestive and respiratory systems 
(Huber Corp., 1955). 


OTHER USES 
Much mineral filler is used as a carrier and diluent 
for fertilizer, for most of the same reasons as in 
pesticides. Fillers also have miscellaneous uses in 
adhesives, joint cement, and many other products, 
each of which demands specific physical properties 
of the filler. 


FILLER MINERALS 
Cummins (1960, tables 1 and 2) listed 19 minerals 
and mineral products, not including wollastonite, 
that commonly are used for fillers in the United 
States. Table 109 is an adaptation of his table 1 
showing major uses for the principal filler minerals. 
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Resources and the export-import relation for most 
of these minerals are discussed in other chapters in 
this volurne and consequently are not discussed here. 
Pumicite, rock dusts, slate, and vermiculite are in- 
cluded by Cummins, but are excluded here because 
they are minor fillers or because very few data are 
available concerning their production and consump- 
tion. Further information about vermiculite is in 
the chapter on light-weight aggregates in this vol- 
ume. Some fillers, such as rock dusts, are byproducts 
of other milling or mining activities. 

Excluding carbon black, 55 percent of the total 
tonnage of minerals or rocks consumed as fillers is 
kaolin. Limestone ranks second with 23 percent and 
of the remaining 22 percent, tale leads with 6 per- 
cent of the consumption, and many minor fillers 
make up the remaining 16 percent. 

The trends of domestic demand for seven major 
fillers for the past 12 years are shown in figure 63. 
Kaolin, fuller’s earth, and tale show increasing 
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FIGURE 63.—Consumption trends of seven major mineral 
fillers in the United States, 1957-69. 
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TABLE 109.—Properties, value, and industrial utilization of the principal mineral fillers used in the United States in 1969 


[X, percentage unknown] 


Distribution by end use 
(in percent, if known) 


Percent- Approxi- Approximate 
t age of mate tonage used 
Mineral § total com- value (in Distinguishing in United 
filler Ks} modity thous- properties States for Remarks 
5 68 a8 consump- ands of filler (in 
5 = as] 3 3 e) 5 tion dollars ) thousands of 
= 2 @ me oS SS ake tons) 
& Q ip ee ad 
a 3 C ao § a 8 Ba 
A a Be & -¥) & Os 
Asbestos ~--_-~-_ = = — = — Sib Se x 25 20,000 Nearly all uses based 200 Filler uses take mainly 
on fibrous nature. “fines” and “shorts.” 
(See ‘Asbestos’ chapter.) 
iBarite, 2=* 225 —-— 75 20 — - — - — 5 4 >4,000 Highest density filler; 66 About 80 percent of the 
inert, light colored. world’s annual production 
is used for heavy drilling 
mud. (See “Barite”’ 
chapter.) 

Bentonite and - — _— Sen - — 93 0.5 500 Absorbent ----_--___ 28 Not an important filler; 
other clays, ex- mainly an insecticide dilu- 
cluding fuller’s ent. (See “‘Clay’”’ chapter.) 
earth and kaolin. 

Carbon black -___ xX? 90+ — —- = 5 — 95 200,000 Extremely fine particle 1,480 Excellent rubber reinforcing 

size; only black filler. agent. Also a pigment. 

Diatomite ~_-____ x — x x OX xe — 20 7,200 Inert or reactive opa- 120 Used in raw state, milled or 
line silica depend- calcined for fillers. Large 
ing upon whether reserves. (See ‘‘Diatomite” 
calcined; skeletal chapter.) 

Silica particles. 

Fuller’s earth -___. — — —- — 9 —_— — 5 20 5,000 Absorbent; cost low —- 187 Mainly used for floor sweep- 
ing compound, rotary drill- 
ing muds, and decolorizing 
agent. (See “Clay” 
chapter.) 

Gypsum —__--___ x — x< — x - -—- — <5 3,000+ Low cost; soft --_-__ 100+ Minor filler mineral; used 
raw or calcined. (See 
“Evaporites and brines” 
chapter. ) 

Kaolin§ e222 2=3-= a2 75 & <i 2 — 4 66 67,500 White, low oil absorp- 3,164 Most important filler mineral, 
tion; abundant, low principal paper filler, im- 
cost. portant rubber filler. (See 

“Clay” chapter.) 

Limestone _______ <I xX — x XK x — x 5 22,000 MHigh brightness; low 1,300 Cheapest filler; has low oil 
oil absorption; absorption and good color. 
availability good and Main filler for putty, caulk- 
cost low. ing, and sealants. (See 

“Limestone and Dolomite” 
chapter. ) 

Mica, ground ____ 37 9 x — — <i 52 ~< 62 5,100 Micaceous structure; 79 Scrap mica, including some 
high dielectric phlogopite and biotite. Mica 
strength, spangled and, sericite schists are re- 
sheen to wallpaper. sources. (See ‘‘Mica”’ 

chapter. ) 

Perlite; 22==-5—-— x — —_ —- — x _ x 1 220 Light-weight; vesi- 5 Not an important filler. 
cular structure. Mainly used for plaster and 

concrete aggregate and 
filtering aid. (See “Light- 
Weight Aggregate” 
chapter. ) 

Pyrophyllite -____ x xX = = %* = x x 65+ 1,000+ Inert, soft, high 111 Statistics reported with tale 
brightness. in U.S. Bur. Mines Year- 

books; about 27,000 tons 
used for ceramics. 

Silica, ground -_-__ xX xX = = => x = xX Small 2? Hardness; low oil ? For paint extender in deck 
absorption. paints, for high abrasive 

use. 

Tale..22222=52- 22 AT 16 — 16 x 8 3 40 14,000 Inert, soft, high 350 Some grades contain much 
brightness; some tremolite, anthophyllite, 
varieties fibrous or or serpentine. (See “‘Talce” 
platy. chapter. ) 

Wollastonite —_~_~ M XK _— = => x = — 25+ 200 White, acicular-fibrous; 5 Mainly used in ceramics; 
low oil absorption; newest important filler 
alkaline suspension. mineral. 

Total 22 s=== —_-_— _— —_ — — _— = sssce 350;000) eee 7,200 


1 Used as a pigment. 
2 Used in wallpaper. 


consumption as fillers; consumption of barite as a 
filler has decreased in the last few years after it 
showed a spectacular increase starting in about 
1960. As a filler, diatomite has experienced no in- 
creased demand, and mica has a very erratic de- 
mand. Limestone, which along with kaolin is the 
major filler, has had a strong decrease in demand 
as a filler, although information is incomplete be- 


cause the U.S. Bureau of Mines since 1967 has 
reported limestone data differently, and the 1969 
figure for limestone as a filler (Kollonitsch and 
others, 1970a) is not explained. 

Although most filler minerals are discussed else- 
where in this volume, wollastonite, a mineral rela- 
tively new to the filler industry, is not discussed 
elsewhere and is reported on here. 
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WOLLASTONITE 

Wollastonite (CaSiO;) an acicular white mineral, 
is used mainly for wall tile and other ceramic prod- 
ucts. It is an excellent ceramic material in that it 
can be fired rapidly because no H.O or CO, must be 
driven off. The resulting ceramic does not absorb 
water and is resistant to thermal shock and brittle- 
ness. Although wollastonite is mainly used by the 
ceramic industry, its use as a filler is becoming 
much more common. The finished filler is brilliantly 
white, fibrous, and an excellent paint extender be- 
cause its fibrous character suspends the pigment 
and prevents the accumulation of hard sediment in 
the paint can. Wollastonite also forms a strong paint 
film that weathers well. The filler is chemically 
stable, and suspensions of wollastonite are alkaline 
with a pH of about 10 (Andrews, 1970). This alka- 
linity has an advantage in paints like polyvinyl 
acetate that decompose in time, forming acetic acid. 
The alkaline suspension neutralizes the acid and 
prevents corrosion of the paint can. 

The rubber industry uses wollastonite as a semi- 
reinforcing filler in nonblack rubber goods. The 
plastics industry uses it in thermosetting and ther- 
moplastic casein resins and in asphalt and vinyl 
floor tiles. Wollastonite filler has high opacity and 
has been experimented with as a filler and coater 
for paper. For these uses, however, it apparently 
cannot compete with kaolin, which is less expensive. 

Most wollastonite is found in contact metamorphic 
zones between calcareous and intrusive rocks. In the 
United States it was mined for mineral wool as 
early as the 1930’s from a small deposit in Kern 
County, Calif. A much larger deposit at Willsboro, 
N.Y., along the contact of the anorthosite mass in 
the northeastern part of the Adirondack Mountains, 
was developed in the early 1950’s, and material 
mined from there since 1953 is used in an ever- 
increasing number of products. Total world pro- 
duction of wollastonite has been not over 50,000 
tons, and four-fifths of this has come from the New 
York deposit. The other principal producers are 
Mexico and Finland. Andrews (1970) has a com- 
plete and comprehensive report on wollastonite, its 
uses, and resources throughout the world. The peri- 
odical “Industrial Minerals” (1969b, and Whitmer, 
1969) also presented a thorough study of wollas- 
tonite. 

Although most of the U.S. production of wollas- 
tonite is from the deposit in New York, the mineral 


is still mined in Riverside County, Calif., where | 


recovery is mainly for decorative stone. In 1966, 
however, some mining for industrial wollastonite 
was begun from the California deposits, but pro- 
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duction since then apparently has been small. 

Arizona, Nevada, Utah, and the Virgin Islands 
are also cited by Andrews (1970) as containing 
notable occurrences of wollastonite. 

World identified resources of wollastonite amount 
to more than 60 million tons, and hypothetical re- 
sources are three times that according to Andrews 
(1970, p. 2). An appraisal of resources by nations 
has not been made. 


MISCELLANEOUS FILLERS 


Several other minerals and rocks such as Port- 
land cement, gypsum, rock dust, ground slate, and 
phosphorite are locally and occasionally used as 
fillers. A small quantity of feldspar also has been 
used in the past few years as an extender in paint 
and a filler in rubber. 


OUTLOOK FOR FILLERS 


The market for mineral fillers is intimately de- 
pendent on the needs of a complex industrial society. 
The demand has steadily grown and should continue 
as a result of expansion of paper, plastics, paint, 
rubber, and other industries. No great spurts have 
occurred in the consumption of any one filler, and 
in fact consumption of some has declined; neverthe- 
less, the overall demand has continued with many 
small advances as new products and uses are devised. 
This steady growth in demand will undoubtedly 
continue in the United States. Because industries 
requiring fillers generally seek a local source for 
filler material to avoid high transportation costs, 
any light-colored inert rocks with low-cost trans- 
portation to industrial areas should be evaluated 
for their potential use as a filler to help satisfy 
this expanding demand. 
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ABSTRACT OF CONCLUSIONS 


The United States produces only 1-2 percent of the plat- 
num metals that it uses and is therefore virtually totally 
dependent upon foreign supplies; accordingly, the hypo- 
thetical and speculative resources in Alaska, Montana, Cali- 
fornia, Oregon, and Washington are of some interest for 


possible future platinum production. More precise evalua- 
tion of these resources will not be possible without improved 
analytical techniques for the platinum-group metals at con- 
centrations less than 10 parts per million. The current lack 
of such techniques greatly hinders geological, geochemical, 
petrological, and mineralogical research necessary to evalu- 
ate the potential platinum resources. 


INTRODUCTION 


Platinum, palladium, iridium, osmium, rhodium, 
and ruthenium are the platinum-group metals. Plati- 
num and palladium are the most abundant of this 
group, but all these metals are essential to modern 
industry where their applications are based on their 
catalytic properties, electrical conductivity, and re- 
sistance to chemical corrosion, heat, and oxidation. 
About 1.3 million ounces per year of platinum-group 
metals (Ageton and Ryan, 1970) are consumed in 
the United States (1) by electrical manufacturers as 
electrical contacts in high-precision instruments and 
insoluble anodes for metallurgical processing; (2) 
by the chemical industry as catalytic gauze for oxi- 
dation of ammonia and the manufacture of nitric 
acid; (3) in petroleum refining as a catalyst to pro- 
duce high-octane gasoline; (4) in dental and medical 
devices; (5) in decorative arts and jewelry; and (6) 
as spinnerettes used in manufacturing glass and syn- 
thetic fibers. 

The United States produces only 1-2 percent of the 
platinum metals that it uses and is therefore almost 
totally dependent upon foreign supplies. The major 
sources are the Republic of South Africa, U.S.S.R., 
Canada, and Colombia. 


EXPLOITATION 


Platinum metals have a long and somewhat erratic 
history of exploitation beginning in the 7th Century 
B.C. when a single forged grain of platinum was used 
as a hieroglyphic character by an Egyptian artisan 
to decorate an etui. It was reported to have been used 
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by Indians in Colombia before the arrival of the 
Spanish. Although Colombian placers were first de- 
scribed by Scaliger (1557, p. 3238-324), mining of 
them did not begin until 1778, soon after the first 
chemical work on platinum was done. Until 1823, 
Colombia was the only source of platinum metals, but 
soon after the 1822 discovery of platinum in placers 
in the Ural Mountains, Russia became the world’s 
greatest producer, which it has remained except 
during 1936-61. 

Platinum placers were mined as early as 1885 in 
Canada, but lode deposits were not mined for plati- 
num until 1919, when platinum metals began to be 
recovered from the nickel-copper deposits of the Sud- 
bury district. By 1936, Canada had become the prin- 
cipal producer. In 1923 platinum lodes were dis- 
covered in Transvaal, Republic of South Africa, and 
in the following year in the Bushveld Complex. By 
1956 and 1957, output from these lodes outstripped 
Canadian production. Russia ranked third for a long 
time, but as the Uralian placers became depleted, 
lodes were found in Siberia that by 1961 again raised 
Russian output to first rank, with the Bushveld and 
Transvaal second and Canada third. In 1929, plati- 
num placers were discovered in Alaska, and since 
1934, Alaska has ranked fifth in world production, 
and Colombia fourth. The Witwatersrand district, 
South Africa, a producer of osmiridium, ranks sixth. 

Through most of the first quarter of the 20th 
Century, placer deposits furnished the world’s sup- 
ply. The discovery of lodes in South Africa, Canada, 
and Siberia so altered the situation that in 1971 
these three countries produced more than 98 percent 
of the world’s output. Production records have not 
been accurately kept, but production has amounted 
to about 63,685,000 ounces through 1971. 

The geologic occurrence of platinum-group metals 
as lodes or placers dictates that copper, nickel, gold, 
silver, and chromium will be either coproducts or by- 
products in the recovery of the platinum metals and 
that platinum will be largely a byproduct. For ex- 
ample, about 1 ounce of platinum-group metals is 
recovered for each 35 tons of copper produced (Age- 
ton and Ryan, 1970) from domestic ores. Because a 
larger part of the domestic production is a byproduct 
of copper mining, environmental effects or problems 
mainly are those directly related to the mining 
and refining of copper. Indeed, a suggested use of 
platinum catalysts is as a potential pollution control 
of nitrogen oxide fumes. 


GEOLOGIC ENVIRONMENT 


GEOCHEMISTRY 
The crustal abundance of the platinum-group 
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metals (Wright and Fleischer, 1965) is poorly 
known, owing to the low concentration of these ele- 
ments and inaccurate analytical techniques. Mason 
(1958) estimated crustal abundances as follows: Pt, 
5 ppb; Pd, 10 ppb; and Ir, Os, Rh, and Ru, 1 ppb each. 
Useful equivalents are: 1 ppb (part per billion) = 
0.001 ppm (part per million) =0.000032 oz per ton 
(troy ounce per ton). 

The complex, unique, but poorly known chemical 
nature of the platinum-group elements in geologic 
environments prohibits accurate generalizations re- 
garding their distribution and geochemical cycle. 
The highest concentrations of the platinum elements 
are generally in igneous rocks that formed at high 
temperatures, an indication that the platinum metals 
are indigenous to the earth’s mantle. Certain condi- 
tions of high temperature and (or) high sulfur par- 
tial pressure may result in mobilization and concen- 
tration of the platinum-group elements. Because of 
their high specific gravity, the platinum metals are 
concentrated by surficial or hydrologic processes to 
form placer deposits. 


MAJOR MINERALS OF THE PLATINUM ELEMENTS 


The platinum metals are major constituents of 
several metallic alloys and a number of minerals with 
anions of sulfur, arsenic, antimony, bismuth, and 
tellurium. As Wright and Fleischer (1965) listed 
most of the known platinum minerals and references 
to their mineralogy, this report considers only those 
in domestic occurrences (table 110). With the excep- 
tion of occurrences in the Stillwater Complex, Mon- 
tana, virtually all the known platinum-group min- 
erals in the United States come from placers, in 
which the material ranges from microscopic-size 
grains to nuggets several centimeters in the largest 
dimension. Mertie (1940, p. 72) observed that most 
nuggets and grains are composed of two or more 
minerals intergrown to form the grains, and recent 
microscopic and electron microprobe studies have 
validated this observation. 


CLASSIFICATION OF DEPOSITS 


The major workable deposits of platinum metals 
occur with nickel-copper and copper lodes associated 
with mafic and ultramafic rocks and as platinum al- 
loys in placers. Mafic and ultramafic rocks form at 
least three distinctive types of igneous complexes 
(Jackson and Thayer, 1972): (1) Stratiform— 
floored, tabular complexes consisting of vertical 
repetitions of well-layered rock sequences with cumu- 
lus textures, that are intrusive into Precambrian 
shields or into basaltic terranes of any age; (2) 
Concentric—roughly cylindrical, zoned complexes 
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TABLE 110.—Principal minerals and domestic occurrences of 
the platinum-group metals identified by electron micro- 
probe or X-ray diffraction analysis 


Name or 
approximate Locality Reference 
composition 
Alloys or metals 
Ferroplatinum (Pt, Fe, Ir, Goodnews Bay, Alaska --_ This study. 


Os, Ru, Rh, Pd, Cu, Ni). Humbodlt County, Calif —_ Do 


Trinity River, Calif --_--- Snetsinger 
(1971a). 
Stillwater, Mont -------_- Page (1971); 
Page and 
others 
(1971). 
Port Orford, Oreg __----- This study. 
Iridium-ruthenium-osmium _ Goodnews Bay, Alaska --_ Leonard and 
others 
(1969). 
Humboldt County, Calif -. This study. 
Trinity River, Calif -----_ Snetsinger 
4 (1971a). 
Osmium eee teh SAS Goodnews Bay, Alaska --_ This study. 
Osmium-iridium —___-______ Goodnews Bay, Alaska _-_- D 


0. 
Beegum Creek, Calif ---. Spencer (1971). 


Hay Fork Creek, Calif -- 0. 
Humboldt County, Calif __ This study. 
Antelope-Pony dist., Madi- Do. 
son County, Mont. 
Port Orford, Oreg --_--- Do. 
Sulfides 


Leonard and 
others 
(1969). 


Laurite, (Ru, Ir, Os)S2 -.- Goodnews Bay, Alaska -_- 


Port Orford, Oreg --_---- This study. 
Stillwater, Mont --------- Page (1971); 
Leonard and 
others 
9 : (1969). 
Erlichmanite, OsSe --___--- Trinity River, Calif -----_ Snetsinger 
(1971b). 
Cooperite, PtS ------------ Humboldt County, Calif -- This study. 
Stillwater, Mont --_------ Do. 
Unnamed, (Ir, Rh, Pd)S -- Goodnews Bay, Alaska --. This study. 


Arsenides and antimonides 


Mertieite, Pts(Sb,As)2 --_-- Desborough and 


others 


Goodnews Bay, Alaska --- 


(1972). 
Sperrylite, PtAse -___-_--__ Humboldt County, Calif -__ This study. 
Stillwater, Mont ______-__ Howland and 
others 
(1936). 
Goodnews Bay, Alaska --_ J. B. Mertie, 


Jr., (written 
commun., 


1972). 
Rodian sperrylite, (Pt, Humboldt County, Calif __ This study. 
Rh, Ni, Pd) (As, S)e. Snetsinger 
Osarsite, (Os, Ru(AsS)---- Gold Bluff, Calif ~-_------ (1972). 


consisting of layers formed by sedimentary, meta- 
morphic, and igneous processes, that are intruded 
into metamorphic rocks of eugeosynclinal orogenic 
belts; and (3) Alpine—irregularly shaped discordant 
complexes consisting of discordant lenticular layers 
of rocks with tectonite fabrics, that are tectonically 
emplaced in eugeosynclinal orogenic belts and island 
arcs. 

Layered deposits or contact-metamorphic deposits 
associated with stratiform and concentric complexes 
are the major sites of platinum-lode deposits. Ex- 
amples are the Merensky Reef in the stratiform 
Bushveld Complex, South Africa (Cousins, 1969), 
and the deposit of the Noril’sk district, Siberia 
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(Mertie, 1969), which could be classified as a con- 
centric mafic complex. 

Platinum placers consist of unconsolidated alluvial 
deposits in present or ancient stream valleys, ter- 
races, beaches, deltas, and glaciofiuvial outwash, and 
in lithified placers of similar origin. The placer 
metals are commonly derived from mafic and ultra- 
mafic rocks, but may come from nearby sources in 
sedimentary rocks, having ultimately been derived 
from mafic and ultramafic rocks during a previous 
erosion cycle. As the densities and sizes of platinum 
alloys are generally similar to those of alluvial gold, 
some platinum metals, when present, are recovered 
from gold placers. 

A domestic source of platinum-group metals is as 
a byproduct of refining copper from porphyry and 
other copper deposits and from lode and placer gold 
deposits, although the grade is extremely low. Other 
minor lode sources are in copper-gold contact-meta- 
morphic deposits, copper deposits associated with 
syenitic rocks, and gold-quartz veins. Relatively 
small potential deposits exist domestically ; such ores 
represent only a minor platinum resource, but serve 
to indicate the range of geologic environments. 


STRATIFORM COMPLEXES 


The Stillwater Complex (Hess, 1960; Jones and 
others, 1960; Jackson, 1961; Page and Nokleberg, 
1970) of Precambrian age in southwestern Montana 
contains several potential platinum lodes. Platinum, 
palladium, and rhodium are concentrated in the 
chromitite zones, but individual samples vary widely 
in contents and ratios of these three platinum metals 
(Page and others, 1969; 1971). The lowermost 
chromitite, the A zone, averages 0.10 oz/ton and 
attains a maximum known value of 0.60 oz/ton of 
Pt+Pd+Rh. Stibiopalladinite, sperrylite, cooperite, 
platinum-iron alloy, and laurite are the only platinum 
minerals identified (Page, 1971) ; they occur as in- 
clusions (average diameter 5-10.) in chromite and 
in interstitial sulfides. Chromium shows the strong- 
est correlation with platinum metals, V a moderate 
correlation, and Ni, Co, and Cu a lower correlation. 
Platinum metals occur in the greatest amounts 
where the oxidation ratio of chromite is lowest. This 
relation suggests that less oxidizing conditions 
favoring crystallization of chromite also favored the 
concentration of platinum metals from the magma. 
Platinum metals, though in lesser amounts, also oc- 
cur below the A zone in the basal zone and are 
associated with massive and disseminated copper- 
nickel sulfides. Small amounts of platinum metals 
have also been reported from disseminated sulfide 
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layers in the upper gabbroic rocks of the complex 
(Howland and others, 1936; Page and Jackson, 1967; 
Page and others, 1969). 


CONCENTRIC COMPLEXES 


The concentrically zoned ultramafic complexes and 
associated mafic bodies of southeastern Alaska con- 
tain only one known platinum lode, developed by the 
Salt Chuck mine. Both platinum and palladium were 
recovered as a byproduct of copper mining. The ore 
minerals occur as small masses and disseminations 
in pyroxenite, gabbro, and gabbro pegmatite (Mertie, 
1969, p. 76). The platinum metals are closely as- 
sociated with bornite and chalcopyrite. The form in 
which the platinum metals occur is not known, but 
sperrylite has been identified in one specimen. 

Potential platinum lodes may exist within the con- 
centrically zoned ultramafics, as shown by anomalous 
concentrations of platinum as high as 29 ppm in the 
chromite-bearing dunite core of the ultramafic com- 
plex at Union Bay. 


ALPINE COMPLEXES 


Alpine complexes may or may not represent poten- 
tial platinum resources, judged on relatively few 
modern analyses. Eighteen dunites and harzburgites 
from Burro Mountain, Calif., average 12.8 ppb Pt, 
3.7 ppb Pd, and <5 ppb Rh (Loney and others, 1971). 
Analyses of dunites and harzburgites from Red 
Mountain and New Idria in California, and of similar 
rocks from Twin Sisters and Cypress Island in Wash- 
ington, average <10 ppb Pt, <4 ppb Pd, and 
<5 ppb Rh. Chromites from these occurrences aver- 
age slightly higher—36 ppb Pt, 10 ppb Pd, and 9.5 
ppb Rh (Page, 1969). 


OTHER MAFIC-ROCK ENVIRONMENTS 


Minor platinum-metal deposits associated with 
copper, nickel, and gold in mafic and ultramafic rocks 
are probably insignificant in terms of platinum-metal 
resources but illustrate other environments where 
platinum metals are found. For example, deposits in 
the Bunkerville district, Nevada (Beal, 1965), have 
a reported range in grade of 0.14 to 0.25 oz/ton. 
Another example is in the Revais Creek district, 
Montana, where 0.23-0.54 ppm Pt and 0.10-0.79 ppm 
Pd (eight samples from the Copper King deposit) are 
found in a gold-silver-copper ore that consists of 
chalcocite, bornite, and chalcopyrite. The ore is in a 
hornblende gabbro dike and in the Ravalli Group 
(Precambrian) that it intrudes. The Rambler and 
Centennial mines, Wyoming, produced a _ small 
amount of platinum-group metals with a grade 
between 1 and 1.3 oz/ton from deposits of irregular 
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shape in mafic igneous and metamorphic rocks (Mer- 
tie, 1969 ; Theobald and Thompson, 1968). 


PLACERS 


Platinum-group metals occur in many placers 
within the United States. Minor amounts of the 
platinum group have been recovered from the gold 
dredges of California and from the gold placers of 
Oregon, Washington, Montana, Idaho (Logan, 1919), 
and Alaska, but significant amounts have been pro- 
duced only from the placers of the Goodnews Bay 
district, Alaska. 

Platinum-metal-bearing placers of the Goodnews 
Bay mining district occur in two paystreaks in the 
valley of the Salmon River (Mertie, 1969, p. 80). 
Total production from 1927 to 1969 is believed to 
have been considerably more than half a million troy 
ounces, with a maximum output exceeding 30,000 
ounces in 19388 (Mertie, 1969, p. 79). The weighted 
mean percentages of metals mined from 19386 to 1970 
are 82.31 percent platinum, 11.28 iridium, 2.15 osmi- 
um, 0.17 ruthenium, 1.29 rhodium, 0.38 palladium, 
and 2.24 gold. 

The platinum metals of these placers are contained 
mainly in two alloys. The major alloy is ferroplati- 
num; microprobe analyses by G. A. Desborough gave 
the results shown in table 111. The minor alloy con- 


TABLE 111.—Composition, in weight percent, of ferroplatinum 
in 50 placer grains from Goodnews Bay, Alaska 


Mean (standard deviation) Range 
Dit See des oe eee 86.1 (1.8) 82.7-88.6 
Peper ere ora. Peet 2 ee 9.3 (.6) 8.2-11.2 
Ty 22 Sete ee WE ee eee 2.26 (1.70) -1l- 2.0 
Rh ee 2 eee ee (.5) 1— 2.0 
‘PdGeee esas. Sree nes 65 (.3) 1- 1.4 
Cu sseosese teu bese nese se 7 (.8) a ailal 
Os. 2 SR es ee ee 3 (.3) l- 8 
Rue eee ae en ee eee 1 A- 1 


sists dominantly of iridium and osmium, with small 
amounts of platinum, and still smaller amounts of 
ruthenium and rhodium. In addition to these two 
alloys, minute amounts of five platinum minerals— 
cooperite, laurite, sperrylite, mertieite, and a yet- 
unnamed iridium-palladium sulfide (table 111)— 
have been identified. 


MINOR OCCURRENCES 


Platinum metals are associated with alkalic in- 
trusive rocks (syenites) that have copper minerali- 
zation, but very little is known about this environ- 
ment. The Copper Hill mine, La Plata mining dis- 
trict, Colorado (Heckel, 1949), is in an ore zone of 
chalcopyrite that contains platinum and palladium. 


PLATINUM-GROUP METALS 


(A recent analysis of chaleopyrite-bearing dump ma- 
terial by L. T. Riley and O. M. Parker, U.S. Geol. Sur- 
vey, gives 0.37 ppm Pt and 0.45 ppm Pd.) Analyses 
by the U.S. Bureau of Mines from samples in the 
small area immediately surrounding the glory hole 
of the Copper Hill mine averaged 1.87 percent Cu, 


0.49 ounce Ag, and 0.005 ounce platinum metals. 


Other recognized minerals are hematite, magnetite, 
pyrite, garnet, ankerite, quartz, and fluorite. The 
ore zone seems to be the result of intense late-stage 
fracturing and subsequent replacement of the rock 
with orthoclase and ore minerals, mainly chalcopy- 
rite, in a highly sericitized and feldspathized 
porphyry. 

Another chalcopyrite deposit, in a syenite near 
Cooke City, Mont., contains 0.5 to 10 ppm Pt, 0.15 
to 8 ppm Pd, and as much as 0.04 ppm Rh (U.S. Geol. 
Survey, 1971). This deposit also is associated with 
widespread potassium metasomatism and veining of 
potassium feldspar. 

The Boss mine, Nevada (Hewett, 1931), is a typi- 
cal example of the gold-quartz association. (For oth- 
er examples, see Mertie, 1969.) About 1,000 ounces 
of platinum metals were recovered from a pipe- 
shaped gold-copper-quartz deposit in a minor fault 
zone. 


RESOURCES 
IDENTIFIED AND HYPOTHETICAL RESOURCES 


Identified and hypothetical resources estimates are 
given in table 112. The numbers of ounces of plati- 
num-group metals should be viewed with extreme 
caution and recognized as estimates of order of mag- 
nitude. Total known and potential platinum-group 
metal resources obviously must not exceed the total 
production to date and the amount in the earth’s 
crust. The lower limit is 63,685,000 ounces; the up- 
per limit, using Poldervaart’s (1955) estimated mass 
of the earth’s crust and Mason’s (1958) average 
abundance of platinum-group metals, must be much 
less than 1.510" ounces. Ageton and Ryan (1970) 
estimated the world reserves at 424 million ounces— 
probably a conservative estimate. 

The estimates of subeconomic resources of plati- 
num-group metals in the concentric zoned ultramafic 
complexes of Alaska are based on published reserves 
of 500X10° tons of titaniferous magnetite at the 
Klukwan deposit (averaging 0.0027 oz per ton plati- 
num metals) and 50010 tons of titaniferous mag- 
netite at the Snettisham deposit (average 0.0027 oz 
per ton platinum metals). Additional areas of titani- 
ferous magnetite associated with both of the bodies 
have a total potential of 3.5x10° tons (averaging 
0.0027 oz per ton platinum metals). 
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TABLE 112.—Identified, hypothetical, and speculative resources 
of platinum-group metals, in million troy ounces 


IDENTIFIED RESOURCES ! 
Summary data from Ageton and Ryan (1970) 


World (total) 

United States (total) 
Goodnews Bay, Alaska 
seike Clips, Nlgien oe eee ee .012 

Southi@Airica teen ls Te Soa Sao oe 200 


Alaska: 
Snettisham 
Klukwan 


Lodes 


TUG Uy. aye Val DCA CICS wee ese ee a ee 06 

Goldiplacers2:222_ 22 ee ee .016 

Porphyry copper 

Copperdeposits +2 2==32_ 20 aS tae) 002 
Montana, Stillwater Complex: 

‘Basalizomey wee rae. ke RS oe aia 2.4 

Chromites 
Californias Mertianysoravelsye assesses see .008 
Western United States, porphyry copper ________ 
United States, minor occurrences __---_-_-----_~- -002 
South Africa, Bushveld Complex ---_--__--______ 656 
RhodesiaaiGreat a) yiken eee ee ree See *100 
South Africa. Witwatersrand -_----------_--____ 


HYPOTHETICAL RESOURCES * 


Alaska: 
Concentrickcomplexe ss === ee 35 
Porphyry copper : 
Golddeposits Hos) 162 16 is apne deo zee .032 

Montana, Stillwater Complex: Basal zone ~------- 150 

Conterminous United States: 

Goldiplacers), 222222.) Bot eee La eee .057 
Chromite deposits, excluding Stillwater 
Complex 


SPECULATIVE RESOURCES ’* 


Alaska: 
Continentaliyshe) fy se eee ee 4 
Kenai-Chugach ultramafic belt ~------------- # 
Fairbanks-Livingood ultrafafic belt _-____-_-- ? 
Southeastern Alaska ultramafic belt --------- ? 
Porphyry copper, Alaska Range ~------------ ? 
Alkalie rocks, Seward Peninsula ----------~- ? 

California-Oregon-Washington: 

Continentaliishelife sass = ee ee 
Beaches 

AntarcticawD utekintnUsivie ie sees eae 

Brazil, Goias serpentine belt -_-___--_----------- 

Worldwide: 

SVvenitiesandaalkalicknocks) =e ? 
Basaltic frocks lens — DORs Lee Lien ties 8 


1Jdentified resources: Specific, identified mineral deposits that may or 
may not be evaluated as to extent and grade, and whose contained min- 
erals may or may not be profitably recoverable with present technology. 

2 From Ageton and Ryan (1970). $ 

3 Based on Ageton’s (1970) reserve estimates of gold for South Africa 
and on Cousins’ (1972) ratio of osmiridium to gold produced. 

4 Hypothetical resources: Undiscovered mineral deposits, whether of re- 
coverable or subeconomic grade, that are geologically predictable as 
existing in known districts. 

5 Speculative resources: Undiscovered mineral deposits, whether of re- 
coverable or subeconomic grade, that may exist in unknown districts or 
in unrecognized or unconventional form. 
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The estimates of identified platinum-group metals 
in the basal zone of the Stillwater Complex, Montana, 
are based on published reserves (Dayton, 1971) of 
ore tonnages and the existence of a 25-mile-long 
zone, averaging 300 feet in width and workable on 
the average to 2,000 feet downdip with a probable 
average of 0.5 ppm platinum-group metals. Similar 
estimates were made for the chromitite, using aver- 
age platinum-group-metal content of the A, G, and 
H zones. 

The 250-mile-long Merensky Reef of the Bushveld 
Complex, South Africa, has been mined locally down- 
dip 6,000 feet, with an average stoping thickness of 
28.5 inches (Mertie, 1969). The grade ranges from 
0.25 to 0.35 oz per ton. If a grade of 0.25 oz per ton 
persists throughout the reef’s extent and the reef 
were mined to 10,000 feet, about 656 million ounces 
of platinum-group metals would be available in addi- 
tion to the 200 million ounces estimated by Ageton 
and Ryan (1970, p. 657). Mertie (1969) implied that 
only 70 miles of reef could be productive under pres- 
ent economic conditions, and so our estimate repre- 
sents a large proportion of subeconomic resources. 

The other area of identified resources is in the 
Goodnews Bay mining district and the contiguous 
offshore areas. Exploration there by mining com- 
panies has shown the presence of anomalous 
amounts of platinum metals in Goodnews Bay and in 
the beaches and offshore sediments. A recent study 
by Allen L. Clark (unpub. data) defined anomalous 
platinum-metal zones within the nearby Red Moun- 
tain ultramafic mass. 

The hypothetical resources (table 112) of Alaska 
are large, primarily because all the ultramafic bodies 
studied to date (Clark and Greenwood, 1972) contain 
anomalous amounts of platinum (table 113). In addi- 


TABLE 113.—Concentrations, in parts per million, of platinum, 
palladium, Yhodium, and iridium, southeastern Alaska 


Pt cone. Pd cone. Rh cone.Ir conc. 


Name of area 


Duke@islandy==s——--- = 0.200 0.037 0.140 0.033 0.010 ——— 
Union )Bayi soos one 29.000 -093 -200 023 -062 0.215 
Blashke Islands --__-- -020 -010 020 -010 ep aee5 


SaltmChuck y= ee -160 -057 = 
Kluikwantetn=2 ae see eee -100 -046 -100 -040 aeS3 aoe 


tion, the concentrically zoned complexes of south- 
eastern Alaska are geologically very similar to the 
platiniferous bodies of the Ural Mountains, Russia, 
and therefore may have a comparable potential. One 
ultramafic body at the Salt Chuck mine yielded a 
large amount of platinum and palladium as a by- 
product of copper mining, indicating the likelihood of 
undiscovered economic concentrations. 


Other belts of ultramafic rocks exist in Alaska, 
and where studied, have all been found to contain 
anomalous amounts of platinum metals. Frequently, 
placer mining for gold has recovered small amounts 
of platinum metals from streams draining these 
ultramafic belts. 

T. P. Thayer (U.S. Geol. Survey, 1957) estimated 
chromite reserves in alpine ultramafic rocks and in 
beach sands in Oregon, California, and Washington ; 
these deposits, in turn, are estimated to contain 0.03 
ppm platinum-group metals and could, then, yield 
1,660 hypothetical ounces of platinum-group metals 
as a byproduct. 

The U.S. Bureau of Mines (1967) estimated the 
potential production of gold from placers in Cali- 
fornia, Oregon, Washington, and Montana as 
81,068,000 ounces. Comparison of gold and platinum 
production figures and estimates by Logan (1919) 
and Pardee (1934) suggests that for each ounce of 
gold about 0.0007 of an ounce of platinum-group 
metal is recovered. This suggests that there are 
57,000 ounces of potential platinum metals in these 
placers. 


SPECULATIVE RESOURCES 


Limited knowledge of the geochemistry and geo- 
logic environments of platinum metals makes it diffi- 
cult to speculate about potential resources. With the 
assumption that platinum metals are derived from 
the mantle, then one may speculate that any igneous 
rocks that have a direct known or postulated origin 
in the mantle may contain resources of platinum 
metals (table 112). Ore deposits associated with 
some basalts or with some types of alkalic rocks and 
their associates—for example, carbonatites—might 
be worth investigating for platinum potential. Of 
course, known but unexplored stratiform mafic and 
ultramafic complexes, such as the Dufek in Antarc- 
tica (Ford, 1970), and known but inadequately ex- 
plored belts of ultramafic rocks, such as the central 
Goias Precambrian serpentine belt in Brazil (White 
and others, 1971), would have to be included as 
speculative resources. As noted by Wright and 
Fleischer (1965), platinum metals are sometimes 
concentrated by late-stage magmatic and hydrother- 
mal processes and therefore pegmatites may be a 
potential source of platinum. 

After erosion and weathering, platinum metals ap- 
parently act in two ways: (1) as heavy minerals and 
(2) by dissolving. Any locality in which heavy min- 
erals are concentrated from potential platinum-bear- 
ing terranes, and localities where salines are found 
in drainage basins draining potential platinum ter- 
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ranes should be investigated as speculative resi- 
dences of platinum metals. 

More specifically, integration of regional geologic 
trends and the minor occurrences of platinum-group 
metals throughout the gold placers of Alaska allows 
one to speculate that large resources of platinum 
metals exist in Alaska. If such resources exist, they 
will be associated with three major ultramafic rock 
belts, a major porphyry copper province, and the 
alkalic rocks of the Seward Peninsula. 

The three major ultramafic belts—the Southeast- 
ern Alaska, Kenai-Chugach, and Fairbanks-Livin- 
good belts—are only partly explored, and new 
ultramafic areas will undoubtedly be found in each 
of these three belts. In addition, large areas of 
Alaska, at present unmapped, may contain additional 
ultramafic belts. Therefore, with the high potential 
for undiscovered ultramafic host rocks and the wide 
areal distribution of platinum metals in placer de- 
posits associated with the ultramafic belts, the 
potential for large platinum metal resources is very 
high. 

The common occurrence of platinum metals with 
porphyry copper deposits indicates that potentially 
large resources of platinum metals may exist 
throughout the 500-mile extent of the Alaska Range. 
Locally within the Alaska Range, porphyry copper 
deposits exist, and the potential for the discovery of 
several new districts is very good. 

A belt of alkalic rocks approximately 200 miles 
long exists in the eastern Seward Peninsula. To date 
no analyses for platinum metals have been made, but 
the potential of this area is very high, in light of 
platinum metals associated with similar types of 
rocks. 


PROSPECTING TECHNIQUES 


Prospecting for platinum metals has been, and 
continues to be, rather intuitive. Perhaps the most 
successful approach has been to look for placer ac- 
cumulations of platinum metals by standard panning 
techniques and then attempt to find the lode source. 
After location of the lode source, normally a mafic or 
ultramafic body, prospecting has been concentrated 
on locating the oxide- and sulfide-rich zones with 
which the platinum metals are commonly associated. 

Recent work by Clark and Greenwood (1972) on 
the zoned ultramafics of southern and southeastern 
Alaska has shown strong correlations of platinum 
and palladium with specific major and trace elements 
and rock types (table 114). Although the correla- 
tions are consistent within an individual complex, 
they differ between complexes. Similar correlations 
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TABLE 114.—Correlations of maximum platinum-palladium 
concentrations, southeastern Alaska 


He- 
ments 
showing 
Name of Associated positive 
area Host rock oxide or correla- 
sulfide tion 
with Pt 
and Pd 
Duke Island -__- Hornblendite ------- Magnetite, Fe, V 
chalcopyrite. 
Union Bay ---_- Dunitee-=— === Chromite, Fe, Cr 
magnetite. 
Blashke Islands ~ Hornblendite --_--_- Magnetite, Fe, Ni 
chalcopyrite. 
Salt Chuck ----- Pyroxenite, gabbro, Bornite, Cu 
gabbro pegmatite. chalcopyrite. 
Klukwan ------- Pyroxenite --_--_--_ Magnetite, Fe, V 
ilmenite 


between rock and mineral types and trace elements 
were noted by Page, Riley, and Haffty (1969; 1971). 

Analytical studies have also shown that the strati- 
form and concentric ultramafic complexes are more 
likely to contain platinum lodes than the alpine type. 
Therefore, once a favorable type of ultramafic body 
has been defined, the following procedure is most 
effective: (1) sample and analyze all rock and min- 
eral phases for platinum metals and associated trace 
major elements such as Fe, Cr, Ni, V, Ti, and Cu; 
(2) establish correlations between platinum metals 
and rock elements; and (3) define and sample areas 
with highest correlation parameters as probable lode 
sources. When utilizing this technique, it should be 
remembered that the lode zone being sought is nor- 
mally very thin, even though it may extend for a 
long distance. Therefore any sampling done per- 
pendicular to the layering must be close spaced. 

Recent studies by Cousins (1969, 1972) and Fuchs 
(1972) show that both platinum and palladium may 
be readily leached in the zone of weathering in source 
rocks as well as in placers. This fact suggests that 
regional geochemical prospecting techniques de- 
signed to locate soluble and transported platinum and 
palladium may be an effective way to locate poten- 
tial platinum metal lode sources. Soil sampling for 
platinum metal lodes may also be effective if one 
looks for the more stable platinum metals such as 
Os, Rh, Ir, and Ru. An attempt was made by Rudolph 
and Moore (1972) to define lode sources using geo- 
botanical prospecting; they reported that species of 
Eritrichium chamissonis, DC. contained up to 4.8 
ppm platinum collected from the Red Mountain ultra- 
mafic mass at Goodnews Bay, Alaska. Other at- 
tempts to use this method have been unsuccessful (J. 
B. Mertie, written commun., 1972). 

Platinum metals do, however, occur in many di- 
verse geologic settings, particularly with copper 
deposits, and the techniques of exploration for these 
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other deposits should be indirectly applicable in the 
search for potential platinum resources. 


PROBLEMS FOR RESEARCH 


Whereas base metals can be located by geochemical 
prospecting of stream sediments and soils and by 
geobotanical and geophysical methods, the discovery 
of platinum metals nearly always requires a direct 
chemical analysis of samples of the ore deposit. 
Nevertheless no laboratories can yet provide accurate 
results for all six platinum-group elements using a 
single analytical method, when these metals are pres- 
ent at concentrations less than 10 ppm. Methods do 
exist for Pt, Pd, and Rh down to the low part-per- 
billion range (Haffty and Riley, 1968). 

Indirect techniques needed to help locate platinum 
metals will require research into the chemical and 
physical behavior of platinum metals in the weather- 
ing and transportation cycles. Research on the geo- 
physical parameters of platiniferous zones in known 
occurrences is also necessary as a prelude to develop- 
ing useful geophysical prospecting techniques. Trace- 
element studies of platinum metals are also necessary 
to define pathfinder elements. 

A complete study of the nature and behavior of 
platinum metals should also be undertaken with the 
purpose of defining presumably unknown geological 
environments where these metals may be found. 
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ABSTRACT OF CONCLUSIONS 


The rare-earth metals, which include yttrium and the 
lanthanides, consist of a group of geochemically related ele- 
ments that have become of increasing economic interest, 
largely on the basis of their physical rather than their 
chemical properties. Their greatest present use is in petro- 
leum-cracking catalysts, but they are also extensively used 
in the glass and ceramics industries, in iron and steel pro- 
duction, and in the manufacture of electronic devices. 


Some members of the group are relatively abundant in 
the earth’s crust, but minable concentrations are uncommon. 
Bastnaesite, a rare-earth fluocarbonate, and monazite, a 
rare-earth phosphate, are the two important ore minerals. 
Bastnaesite is mined extensively from carbonatite in Cali- 
fornia, and monazite is recovered largely from placer de- 
posits in various parts of the world. The rare earths are 
present in many other minerals, either as essential con- 
stituents or as substituted constituents. Apatite is a com- 
mon host of the substituted constituents and is a source of 
rare earths as a byproduct of fertilizer manufacture in 
Europe. 


The large reserves of bastnaesite in California make the 
United States self-sufficient in the lanthanide elements, but 
no such high-grade source of yttrium is known. Potential 
domestic resources capable of meeting projected require- 
ments, however, are available. 


INTRODUCTION 


The rare-earth group of metals, also called the 
lanthanide elements, comprises 15 elements having 
atomic numbers 57 through 71. These are lanthanum 
(La), cerium (Ce), praseodymium (Pr), neodym- 
ium (Nd), promethium (Pm), samarium (Sm), 
europium (Eu), gadolinium (Gd), terbium (Tb), 
dysprosium (Dy), holmium (Ho), erbium (Er), 
thulium (Tm), ytterbium (Yb), and lutetium (Lu). 
One of these, promethium, is best known as an arti- 
ficially produced element, although its occurrence 
in minute trace amounts in natural materials has 
been reported. In addition to the lanthanides, yt- 
trium (Y), with atomic number 39, is generally 
classed with the rare earths because of its chemical 
similarities and geochemical affinities. The rare- 
earth group is divided into the cerium subgroup, or 
“light” rare earths, which consists of the first seven 
lanthanide elements listed (lanthanum through 
europium), and the yttrium subgroup, or “heavy” 
rare earths, which consists of yttrium and the last 
eight lanthanide elements listed (gadolinium through 
lutetium). 
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USES 

The rare earths are the basis for a small but in- 
creasingly important industry that had its origin 
about 100 years ago when rare earths were used as 
a minor constituent in thorium gas mantles. The 
annual domestic consumption of rare-earth oxides 
is now more than 10,000 tons, compared with about 
2,000 tons a decade ago. Most of the rare earths 
used are in the form of oxides, chlorides, or fluorides 
of one or more of the major members of the cerium 
subgroup—that is, cerium, lanthanum, neodymium, 
and praseodymium—derived from bastnaesite or 
monazite ores. Yttrium and the less abundant lan- 
thanides, notably europium, are used to a lesser 
extent but, because of their higher cost, contribute 
disproportionately in dollar value to the industry. 
Yttrium has been extracted from several source 
materials including residues from the processing of 
Idaho euxenite for niobium, Canadium uranium 
ores, monazite, and xenotime. The rarer lanthanides 
may be obtained from bastnaesite ores or from any 
of the sources of yttrium just mentioned. 

Uses for the rare earths are diverse and are based 
largely on the physical rather than the chemical 
properties of the group. The major use at present is 
in petroleum-cracking catalysts, in which rare earths 
replace sodium in a synthetic zeolite structure. 
Adoption of this type of catalyst began about 1964 
and has contributed greatly to the expansion of the 
rare-earth industry. Next in importance is the use 
of rare earths in the glass and ceramic industries, 
where they are used in the form of oxides, chlorides, 
or fluorides for a variety of purposes, including 
polishing materials, opacifiers, colorizers, and de- 
colorizers, and as inhibitors of radiation coloration 
in television-tube glass. Rare earths are used in 
both ferrous and nonferrous metallurgy, sparking 
alloys, and carbon-arc electrodes. Research into the 
properties of individual rare-earth elements has led 
to many new uses within the past decade. These 
have been based largely on their optical and lumi- 
nescent characteristics related to their unusual 
atomic structure. Applications are in phosphors for 
color-television tubes and high-intensity lighting, 
in lasers, and in synthetic rare-earth garnets for 
microwave systems. Permanent magnets of excep- 
tionally high coercive strength are being made using 
intermetallic compounds of rare earths and cobalt, 
of which SmCo; appears to be the most promising. 
These and other uses of the rare earths are more 
fully discussed by Parker and Baroch (1971) and 
by Cannon (1972). 

New uses for rare earths undoubtedly will follow 
technological advances in many fields, and by the 
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same token, some present uses will become obsolete. 
Research into catalysts for automobile exhaust 
emission control has indicated that compounds of 
rare-earth elements and certain transition elements, 
notably the compound LaCoO;, hold considerable 
promise (Libby, 1971). Adoption of such catalysts 
would, of course, create an unprecedented demand 
for the rare earths, as well as for cobalt. Another 
potential application of rare earths that could 
greatly increase their usage is in the removal of 
phosphates from wastewater. Discharge of phos- 
phate-bearing wastewater into streams and lakes is 
a major cause of the “death” of bodies of water 
through eutrophication, and only a small percentage 
of the phosphate is removed by present water- 
treatment plants. A method that offers almost com- 
plete removal by precipitation as a rare-earth phos- 
phate was described by Recht, Ghassemi, and 
Kleber (1970). 


AVAILABILITY 


The rare earths are comparative newcomers 
among the elements used by industry, and the extent 
to which they are employed by a country reflects to 
some extent the degree of sophistication of its tech- 
nology. If rare earths were to become unavailable, 
the effect on our present standard of living would 
not be catastrophic because, in most applications, 
the rare earths are merely replacing other materials 
that are less effective for the particular purpose. 
Without rare earths we would have inferior color 
television, camera lenses, and cigarette-lighter flints ; 
far more serious might be the effects felt in the 
fields of glass manufacture, communications, ceram- 
ics, and the iron and steel industry, and less gaso- 
line would be produced per barrel of crude oil. 

Since the development of the bastnaesite deposit 
at Mountain Pass, Calif., the United States has 
become largely self-sufficient in rare-earth resources. 
Bastnaesite, however, is a cerium subgroup min- 
eral, and it contains only a very small percentage 
of yttrium and the yttrium subgroup lanthanides. 
Recent demands for these elements, notably yttrium, 
have been met by their extraction from (1) resi- 
dues from the processing of Idaho euxenite for 
niobium, (2) monazite from beach placer deposits, 
which is chiefly imported, and (3) residues from 
Canadian uranium mills. Of these, the Idaho resi- 
dues are now exhausted, and the recovery of rare 
earths by Canadian uranium mills has been discon- 
tinued. The present requirements for yttrium are 
small, however, and appear to be adequately met by 
stocks on hand and by existing sources. The United 
States, therefore, is a potential exporter of the light 
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rare earths and an importer of the heavy rare 
earths, although the latter role is one of economics 
rather than one of necessity, inasmuch as large 
undeveloped resources of yttrium are present in 
domestic deposits, particularly in apatite-magnetite 
bodies and western phosphate rocks. 


GEOLOGIC ENVIRONMENT 
GEOCHEMISTRY 


The lanthanides and yttrium are lithophilic ele- 
ments and are most commonly found as phosphates, 
carbonates, or silicates. In the geologic environment 
they are commonly trivalent with the exceptions of 
cerium, which may be in a Cet‘ state, and europium, 
which may be present as Eu+?. The lanthanides are 
unique in their electronic arrangement in that with 
increase in atomic number, electrons are added to 
an inner (4f) level rather than to outer levels. This 
arrangement results in the general chemical similar- 
ity of elements in the group, but it also gives them 
some unusual physical properties. One consequence 
of inner-level backfilling is the so-called lanthanide 
contraction, a progressive decrease in the ionic 
radius of the trivalent lanthanide ions from lantha- 
num to lutetium. Ionic-radius relationships are very 
important in rare-earth geochemistry in that they 
are fundamental to natural mechanisms by which 
the elements in this rather cohesive group may be- 
come separated from one another. These mechan- 
isms, which depend on ionic size, basicity differences, 
coordination effects, solubility characteristics, and 
stability of complexes, are able, individually or col- 
lectively, to effect a natural fractionation of the 
rare earths to a remarkable degree (Adams, 1969). 

The actual abundance and distribution patterns 
of the lanthanides and yttrium in terrestrial and 
extraterrestrial materials have been the subject of 
much recent research facilitated by the use of 
activation-analysis techniques (Haskin and others, 
1966; Herrmann, 1970). From the analytical data 
many attempts have been made to estimate the 
rare-earth content and distribution both in the 
whole earth and in its several crustal units, of which 
the continental crust has the greatest significance 
when we are considering the resources and geo- 
chemistry of the elements in the accessible parts of 
the earth. Taylor’s (1964) abundance data for the 
rare earths in the continental crust are plotted in 
figure 64 to show their distribution pattern. Judg- 
ing from Taylor’s estimates and those of Lee and 
Yao (1965), the average rare-earth content of the 
continental crust is somewhat less than 200 ppm 
(parts per million). 
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FicureE 64.—Crustal abundance of the rare-earth elements. 
Even-odd pairs of elements are arranged in increasing 
atomic number along the abscissa of the graph, and 
abundance, in parts per million, is plotted along the 
ordinate. The upper curve connects lanthanides of even 
atomic number; the lower, their odd-numbered neighbors. 
Yttrium has been arbitrarily placed with dysprosium and 
holmium because of their similarity in ionic radii. 


The rare-earth content and distribution pattern 
of the different rock types vary considerably. Has- 
kin and Frey (1966, p. 310) noted that the absolute 
rare-earth content of intrusive rocks generally in- 
creases from ultramafic rocks, through mafic and 
intermediate rocks, to the silicic granites. Various 
sedimentary rock types, although they may differ 
appreciably in their total rare-earth content, show 
mutually similar distribution patterns, which indi- 
cates that fractionation is minimal during sedimen- 
tation. 

Table 115 shows the rare-earth content of various 


TABLE 115.—Rare-earth content of various rock types 
[From Haskin and Frey, 1966] 


Number Rare-earth 
Rock type of samples content (ppm) 
North American shales -____- Composite 235 
of 40. 
Oceanwsediments) =a == 8 102-271 
Grayiwackes eae 5 70-195 
Carbonate-bearing sedimentary 8 16-159 
rocks. 

Sandstoness 24225223 5 52-126 
BAS ates ee Composite __- 174 
Granite "(G=1) 2245S ee () 334 
Russian granites ----.-----_-- 3 225-475 
Gabb ross re a 3 28-123 


1 Wesberly, R.I. 
2 Number of samples not known. 
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rock types from the data of Haskin and Frey (1966). 
Even this limited sampling illustrates that the 
amount of rare earths present can vary widely 
within a single rock type. Rare-earth contents 
greater than those shown in the table have been 
found in both sedimentary and igneous rocks; ma- 
rine phosphorites, for example, commonly have a 
high rare-earth content, and some granites and 
syenites may contain more than 1,000 ppm. 

A significant part of the rare-earth content of 
rocks may be present in ‘“‘carrier’” minerals such as 
apatite, sphene, zircon, and the ferromagnesian 
minerals. Plagioclase feldspar may be enriched in 
europium (Haskin and Frey, 1966, p. 313). These 
minerals, as well as the specific rare-earth minerals, 
contain preferential rare-earth assemblages which 
may vary with their geologic environment (Flei- 
scher and Altschuler, 1969). 

When rare-earth minerals are liberated from their 
host rocks by weathering, they may accumulate in 
the soil or be transported from their original site 
by running water. Heavy, resistate minerals such 
as monazite may accumulate in fluviatile or sea- 
beach placers or become incorporated in sediments 
depositing offshore. As the minerals are largely 
insoluble under surface-weathering conditions, there 
is very little release of rare-earth ions for the de- 
velopment of secondary minerals. 

An interesting geochemical cycle for monazite 
was proposed by Overstreet (1960, 1967) to ex- 
plain its relative abundance in highly metamor- 
phosed rocks, and its virtual absence in those where 
the grade of metamorphism was low. He suggested 
that detrital monazite in the original sediment be- 
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comes unstable during initial metamorphism and 
breaks down, the rare earths entering other struc- 
tures. As the intensity of metamorphism increases, 
monazite is again formed and reaches its maximum 
abundance in rocks that have undergone the most 
intense metamorphism. Monazite commonly con- 
tains 3-8 percent of thorium, and, as noted by 
Overstreet, the thorium content is also influenced 
by the degree of metamorphism, being greatest in 
monazite from the most highly metamorphosed 
rocks. 


MINERALOGY 


The rare earths are essential constituents of over 
100 mineral species and are present through sub- 
stitution in many more. Only a few, however, have 
been found in sufficient concentration to be used 
solely as rare-earth ores; some others are recovered 
primarily for one or more other elements, with rare 
earths as a byproduct. 

A partial list of rare-earth-bearing minerals and 
their general compositions is given in table 116. 
Of these, monazite and bastnaesite are the most im- 
portant by virtue of their abundance, high rare- 
earth content, and amenability to processing and 
are the two basic ore minerals used by industry. 
Xenotime, the yttrium phosphate, is also used, but 
to a minor extent. Byproduct rare earths have been 
produced from apatite in Finland, euxenite in the 
United States, loparite in the U.S.S.R., and from 
uraninite and brannerite in Canada. 

Monazite is a common accessory mineral in some 
igneous and metamorphic rocks and in ancient and 
modern placers. Most economic concentrations of 


TABLE 116.—A partial list of rare-earth-bearing minerals 


Mineral Composition Mineral Composition 
Oxides: Phosphates—continued: 
Gerianites====ee= saan eee CeOz. Monazite - (Ce,La,Th,Y) POs. 
Fluorides: Rhabdophane -- (Ce, Y) POs: H20. 
Eluoceritel Sse sso eee (Ce,La) Fs. Weinschenkite YPO.::2H20. 


Fluorite, cerian (yttrocerite)  _CaF2 + dominantly Ce subgroup. 
Fluorite, yttrian (yttrofluorite)_ CaF. + dominantly Y subgroup. 
Carbonates and fluocarbonates: 


“Ancylite) (2 see) foes Sass (Ce,La)4(Sr,Ca)s(COs)7(OH) 4:3H20. 
Bastnasites s2= 9 s eee _-CeFCOs. 
Doverites jo a eee eee _._CaY (COs) 2F. 
Rarisiter == asso -a ee eee _~-2CeFCOs:CaCOs. 
Synchisite 2 =_ = ses eeeae CeFCOs-CaCOs. 
Silicates: 
FAllanite:,— = 2-2 452 See pee - (Ca,Ce,Th) 2(Al,Fe,Mg)s-SisOi12: (OH). 
Cenositest=e = eee Pe Caz (CeY ) 2Sis012CO3H:0. 
Cenite yeas 22522 Sere (Ce,Ca) 2Si(O,OH)5s. 
Gadolinite Be2FeY2Si2Oi0. 
Huttonite ThSiOs. 
Stillwellite (Ce,La,Ca) BSiOs. 
Thalenite 2Si207. 
phhorites poets aoe k = eee eek ThSiOs. 
Phortveitite; 2=5.---s222=-. 5. (See ) 2SizO7. 
Phosphates: 
Apatite! Cas (POs) 3F. 
Brockite (Ca,Th,Ce) POs H20. 
Florencite Ce,A’ POs)2(OH)e.. 


Xenotime YPOs. 
Multiple oxides containing 
columbium (niobium), 
tantalum, and titanium: 
Brannerite 
Eschynite-priorite series: 


(U,Ca,Fe,Th,Y ) sTisO10. 


Eschynitesee see eee (Ce,Ca,Fe,Th) (Ti,Nb) 20s. 

IPriorite ese (Y,Er,Ca,Fe,Th) (Ti,Nb) 20s. 
Euxenite-polycrase series: 

Buxenites =o oa eee (¥,Ca,Ce,U,Th) (Nb,Ta,Ti) 20s. 

Poly crasele sees eee eee (Y,Ca,Ce,U,Th) (Ti,Nb,Ta) 20s. 


Fergusonite-formanite series: 
Fergusonite 
Formanite 

Loparite -__- 


(Y,Er,U,Th) (Nb,Ta,Ti) O1. 
- (Y,Er,U,Th) (Ta,Nb) 04. 
--- (Ce,Na,Ca) (Ti,Nb) 206. 


Perovskite * --- CaTiOs. 

Pyrochlore-microlite series: 
Betafite) fo- 5254-5 ae Nee (U,Ca) (Nb,Ta,Ti)s00-nH20. 
Microlite (Na,Ca)2Ta20e(0,0OH,F). 


NaCaNb20cF. 
(Y,Er,Ce,U,Fe,Th) (Nb,Ta) 20s. 
(Fe, Y,U,Ca) (Ta,Nb,Zr,Sn) Os. 


Pyrochlore 
Samarskite ~----- 
Yttrotantalite 


1 May contain rare-earth elements. 
? Cerian varieties known. 
3 Cerian and thorian varieties known. 
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monazite are in placers, but a few have been found 
in carbonatites and veins. Monazite, in addition to 
having been a major source of rare earths, has been 
the principal source of thorium. Its ThO, content is 
variable but is commonly in the 5-10 percent range. 
Although dominantly a mineral of the light rare 
earths, monazite generally has a higher content of 
yttrium and the heavy lanthanides than does bast- 
naesite. 

Bastnaesite is a relatively rare mineral, and its 
use as an ore is largely the result of its concentra- 
tions in a very few large deposits, the most im- 
portant of which is the carbonatite body at Moun- 
tain Pass, Calif. (Olson and others, 1954). Bast- 
naesite may also occur in veins, contact-metamor- 
phic zones, and pegmatites, and as a rare accessory 
mineral in igneous rocks. 

Xenotime, the yttrium phosphate, is found in the 
same environments as monazite, but is usually much 
less abundant. 

Apatite, though not a rare-earth mineral, may 
incorporate these elements through substitution, 
commonly to the extent of less than half a percent 
of the total oxides but occasionally much higher. 
The light rare earths are usually dominant, al- 
though some apatites contain yttrium in excess of 
cerium (Cruft, 1966). The relationships between 
the rare-earth distribution in apatite and its geo- 
logic environment have been discussed by Fleischer 
and Altschuler (1969). Apatite is important as a 
potential source of rare earths, inasmuch as millions 
of tons of apatite-bearing rock are processed annu- 
ally for the production of fertilizer materials. 

A large proportion of rare-earth minerals is 
known only from minor occurrences, chiefly in peg- 
matites, but almost any one of these minerals may 
become important through the discovery of some 
new or long-unrecognized deposit. 


TYPES OF DEPOSITS 


Primary concentrations of rare-earth-bearing 
minerals are found in a wide variety of geologic 
environments, such as veins, gneisses and migma- 
tites, skarns, pegmatites, and alkalic rock complexes 
and related carbonatites. Only a very few of these 
primary deposits have been mined successfully for 
rare earths alone. Notable exceptions are the vein 
deposits in Burundi in Central Africa, which pro- 
duced more than 2,300 tons of bastnaesite between 
1947 and 1956, and the bastnaesite deposit in car- 
bonatite at Mountain Pass, Calif., which is probably 
the largest known rare-earth concentration. Some 
primary deposits have been exploited for other com- 
modities, with rare earths as a byproduct. These 
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include the monazite-apatite vein at Steenskamps- 
kraal in the Republic of South Africa (Pike, 1958), 
mined primarily for thorium, and apatite deposits 
in the U.S.S.R. and Finland, where rare earths are 
recovered from apatite processed for its phosphate 
content. 

Unconsolidated secondary deposits—including sea- 
beach placers, river valley (fluviatile) placers, and 
deltaic deposits—represent by far the largest num- 
ber of minable concentrations of rare-earth minerals 
and include many of the world’s important sources. 
Monazite is the most common rare-earth mineral 
found in the placers, where it is invariably asso- 
ciated with other stable heavy minerals, such as 
zircon, garnet, magnetite, ilmenite, rutile, sphene, 
and xenotime. Sea-beach placers, notably those of 
Brazil and the west coast of India, have been the 
largest monazite producers. In the United States, 
fluviatile placers in the Southeastern States and in 
Idaho have been mined for monazite. A deltaic de- 
posit at the mouth of the Nile has been worked 
sporadically. Some placers may be mined for mona- 
zite alone, but in many operations monazite is a 
byproduct or coproduct of placers that are worked 
primarily for zircon or for the titanium minerals 
ilmenite or rutile. Rare-earth minerals other than 
monazite generally are not recovered from placers. 
In the period 1956-59, however, the multiple-oxide 
mineral euxenite was mined, together with monazite 
and other heavy minerals, from fluviatile placers at 
Bear Valley, Idaho, primarily for niobium, but with 
an important amount of yttrium and heavy lan- 
thanides as byproducts. Recovery of xenotime, an 
yttrium phosphate mineral, has recently been initi- 
ated as a byproduct of the tin placer mining in 
Malaysia. 

Most consolidated sedimentary rocks have a very 
low rare-earth content, but with some important 
exceptions—phosphorites, fossil placers, and certain 
ancient conglomerates. The phosphorites, such as 
units in the Phosphoria Formation in the Western 
United States, represent vast resources of rare 
earths that are contained largely in apatite. Fossil 
placers—for example, those found in Upper Cre- 
taceous sandstones in several Western States—com- 
monly contain monazite, together with ilmenite, zir- 
con, and other heavy minerals. The conglomerate 
type, as exemplified by the Huronian conglomerates 
of the Blind River area, Ontario, are mined exten- 
sively for uranium contained in the minerals bran- 
nerite and uraninite; monazite is also present in the 
ore. Recovery of yttrium oxide was begun in 1965 
as a byproduci of uranium processing and continued 
as late as 1970. Although the ores have been esti- 
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mated to contain only 0.057 percent total rare-earth 
oxides (Jackson, 1968, p. 381), the production of 
yttrium oxide averaged more than 100,000 pounds 
per year during the 3-year period 1967-69. 


RESOURCES 
PRESENT SITUATION 


The rare-earth industry in the United States is 
based largely on two main sources of raw mate- 
rials—the bastnaesite deposit at Mountain Pass, 
Calif., and imported ores, chiefly monazite, from 
Australia and Malaysia. At times, these have been 
supplemented by unusual source materials, such as 
byproduct yttrium-rich residues from Idaho euxenite 
and Canadian uranium mills. Inasmuch as such 
sources have been ample to supply the 10,000 or so 
tons of rare-earth oxides now consumed annually 
in the United States, there is little incentive at pres- 
ent to search for and develop new deposits or to 
recover byproduct rare earths. 

By the year 2000, the annual domestic require- 
ments may be nearly 25,000 short tons for lantha- 
nide oxides and about 180 short tons (compared with 
the present requirements of about 30 tons) for 
yttrium oxide, as estimated by Stamper and Chin 
(1970, p. 692, 801). The lanthanide requirements 
probably can be met easily from sources that are 
now being used, but the estimated sixfold increase 
in yttrium demand might necessitate its extraction 
from sources in the United States that have never 
been used. Reactivation of yttrium recovery from 
Blind River uranium mills can be anticipated, to- 
gether with some increase over former production. 


POTENTIAL RESOURCES 


The foregoing discussion of types of rare-earth 
deposits will give some indication of the variety of 
environments in which the rare earths are likely to 
occur. Environments most favorable for the discov- 
ery of concentrations that could be mined solely for 
rare earths are very limited and are primarily car- 
bonatites and placers. Concentrations in gneisses 
and migmatites so far discovered are currently of 
marginal value but may eventually become signifi- 
cant—particularly those containing xenotime, as at 
Music Valley, Calif. (Evans, 1964). When rare 
earths are considered as byproducts or coproducts, 
the field of potential producers is greatly expanded 
and will include many additional carbonatites and 
placers, both modern and fossil, thorite-bearing vein 
deposits, apatite-bearing magnetite deposits, and 
phosphatic rocks. Barite is a potential coproduct in 
some rare-earth deposits, such as those at Mountain 
Pass, Calif. 
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Many carbonatites and related rocks in alkalic 
complexes contain large tonnages of rare earths, 
not only in dominantly rare-earth species, as at 
Mountain Pass, but as proxying elements in other 
valuable minerals, such as the niobium ore pyro- 
chlore and the phosphate ore apatite. In at least one 
foreign country, rare earths are currently being 
produced as a byproduct in the processing of apatite 
for fertilizer materials. 

The apatite common in metasomatic magnetite 
deposits is generally high in rare earths, and such 
deposits are likely future sources of these elements, 
inasmuch as the apatite must be separated from the 
magnetite prior to smelting. Dumps at Mineville, 
N.Y., and Iron Mountain, Utah, contain large quan- 
tities of apatite; the Mineville apatite contains about 
11 percent total rare earths (McKeown and Klemic, 
1956, p. 6), and the apatite from Iron Mountain 
contains about 3 percent. Increases in the use of 
rare earths will make their recovery from this type 
of deposit feasible. 

Another even larger untapped resource lies in the 
sedimentary phosphatic rocks, where the rare earths 
are also present in apatite. Such rocks are likely to 
be a much lower grade source of rare earths than 
apatite concentrates from carbonatites or iron de- 
posits, but greatly exceed these in tonnage. Alt- 
schuler, Berman, and Cuttitta (1967) pointed out 
that in the national production of wet-process phos- 
phoric acid in ‘1964, roughly 3,500 tons of elemental 
rare earths was made available by the solution of 
6 million tons of apatite. This exceeded by more 
than 1,000 tons the domestic production of rare- 
earth oxides from bastnaesite and monazite ores 
during the same year. Altschuler’s study of the 
feasibility of rare-earth extraction from phosphor- 
ites was based largely on phosphorite of the Bone 
Valley Formation in Florida, which has an elemental 
rare-earth content of about 0.06 percent. Higher 
rare-earth values were reported by Gulbrandsen 
(1966) for the phosphorites of the Phosphoria For- 
mation in the Western United States; his average 
values for the Retort and Meade Peak Phosphatic 
Shale Members are 0.1 percent yttrium, 0.03 percent 
each for lanthanum and neodymium, and 0.001- 
0.003 percent ytterbium. Other rare earths were not 
included in the analyses. On the basis of these values, 
the 4 million or so tons of phosphate rock mined 
annually from the Retort and Meade Peak Members 
could contain as much as 4,000 tons of yttrium alone, 
more than 100 times the present demand. Reserves 
of phosphate rock in the United States are on the 
order of billions of tons. (See chapter entitled ““Phos- 
phate Deposits.”) In the processing of phosphorites, 
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only about one-third of the tonnage used is put in 
solution by acids for manufacture of phosphoric 
acid, and this is the only part of the phosphate rock 
from which the rare earths are liberated; thus, any 


TABLE 117.—I/dentified resources’ of the rare earths 
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contemplated recovery would have to be made from 


this material. 


Many current or potential sources of rare earths 
throughout the world are shown in table 117, to- 


and some potential rare-earth deposits of the world 


Rare-earth oxides 2 


Country Deposit Type (tons) Remarks References 
Canada) =2.--25e5. =. Blind River-Elliott Lake_ Conglomerate -_-_--_ 1,200,000 Potential byproduct of Shenk (1971); 
U; some has been Griffith and Roscoe 
produced. (1964). 
Okal 22 ses ee ee Santee Carbonatite -------- Not evaluated ------ Potential byproduct of Rowe (1958); U.S. 
Nb. Bur. Mines (1963). 
St pHonoré) ee = =o 222-00) =255-0 552-2 S5 80,000 eset) coosscsscstesasse Noe aud Dubuc 
70). 
United States -___-- Mountain Pass, Calif --_ 24-2 dOmwtsies=eoses=5 5,000,000 Reserve in bastnaesite Parker (1965). 
ore. 
Music Valley, Calif --_- Metamorphic rocks - Not evaluated ------ Xenotime and monazite_ Evans (1964). 
Idaho-Montana placers, Placers) 2-202 ee 147,600 Monazite and euxenite__ Eilertsen and Lamb 
includes Bear Valley, (1956). 
Idaho. 3 ? 
Lemhi Pass, Idaho-Mont_ Thorite veins --_---- 84,000 Potential coproduct Th-- U.S. Atomic Energy 


U.S.S.R. 


Nigeria 


U.A.R. (Egypt) ---- 


Kenya 


Republic of South 
Africa. 


Zaire (formerly 
Republic of the 
Congo). 

Malagasy Republic __ 

India 


Ceylon 


Mineral] Hill district, 
Idaho-Mont. 
Bald Mountain, Wyo -- 


Wet Mountains, Colo --_ 


Powderhorn district, 
Colo. 


Gallinas Mountains, 
N. Mex. 

North and South 
Carolinas, and so forth 
(Piedmont area). 

Hilton Head Island, S.C 

Mineville, N.Y --------- 


Dover; eN: di) ==) =-2=-82-= 


Atlantic coast beaches 
and some inland areas. 
Morro do Ferro --_--_-- 


Llallagua area 


Kola area 


Kyshtym area 
(Vishnevye Moun- 
tain). 


Plateau Province ------ 
Nalevdeltaws2e sees he 
Karonge mine -_____--__ 
Kangankunde Hill ----- 


Mrima (Jombo) 


Panda Hill (Mbeya) --- 


Glenoyer) 2822520 —-- == 


Steenskampskraal 


Shinkolobwe 


Ft. Dauphin area -__-__ 
Chiefly in Kerala -_ 
Bihar and west -------- 
Chiefly west and 
northeast coasts. 


See footnotes at end of table. 


Carbonatite veins --_ 
Conglomerate -__--~- 


Thorite veins ------- 


Thorite veins and 
carbonatite. 


Stream placers, 
flood plains. 


Beach placers ------ 
Magnetite deposit --- 


== =do 


Beach and fluviatile 
placers. 
Alkalic complex ---- 


Carbonatite ~-------- 


Alkalic rocks and 
carbonatite. 


Alkalic rocks, 
placers. 


Placers ~-.---------- 


Fluviatile placers ___ 


Carbonatite and 
residual soils. 
Alkalic complex 
and carbonatite. 
Carbonatite --------_ 


Placers 
Beach placers __ 
Alluvial placers 
Beach placers --___- 


Not evaluated --_--- 
15,000 
1,750 


4,000 


Not evaluated --_--- 
600,000 


60,000 
Not evaluated -__--- 


180,000 
300,000 
90,000 
288 

Not evaluated -__-_- 
6,800,000 


Not reported ___---_ 


120,000 

Not reported ___--__ 
68,000 
300,000 

Not reported ___---- 


60,000 


3,000,000 
6,000 


Monazite, thorite, 
ancylite. 
Monazite 


Potential coproduct Th- 


Bastnaesite with 
fluorite. 

Monazite, minor xenotime 
in numerous scattered 
deposits. 

Monazite 

Rare-earths in apatite, 
minor bastnaesite. 

Bastnaesite, doverite, 
xenotime. 

Monazite --------------- 


Allanite, bastnaesite __- 


Potential byproduct Nb 
and apatite(7?). 

Monazite. Represents 
one sampled area. 

Monazite, minor xeno- 
time in tin veins. 

Apatite, loparite. Ton- 
nage based on poten- 
tial byproduct from 
apatite processing. 

Apatite, cerite, bast- 
naesite, allanite. 
Apatite contains 0.29- 
3.3 percent rare 
earths. 

Small production from 
tin placers. 

Monazite. Intermittent 
production. 

Bastnaesite. Intermittent 
production. 

Monazite. --.--------_-- 


Monazite; pyrochlore ___ 


Potential byproduct Nb 
and apatite. 


Synchisite, monazite -__ 


Monazite. Has had large 
production. 
Monazite 


Monazite 

Monazite - 

mS 2G fy) Se eS ee eee 

Monazite. Tonnage 
given is from one 
northeast coast de- 
Posit. 


Commission 

(1969); Staatz and 

others (1972). 
Anderson (1958). 


Borrowman and 
Rosenbaum (1962). 

Christman and 
others (1959); 
Staatz and Conklin 
(1966). 

Olson and Wallace 
(1956); J. C. 
Olson (unpub. 
data). 

Perhac and Heinrich 
(1964). 

Overstreet and others 
(1959). 


McCauley (1960). 

McKeown and 
Klemie (1956). 

Klemic and others 
(1962). 

Parker (1965). 


Roser and others 
(1964). 
Do. 


Bogert (1959). 
Gordon (1944). 


British Sulphur 
Corporation, Ltd. 
(1971). 


Zil’bermints (1929); 
Ganzeey and others 
(1966). 


Mackay and others 
(1949). 

Higazy and Naguib 
(1958). 

Thoreau and others 
(1958). 

Deans (1966). 


Do. 


Fawley and James 
(1955); Davidson 
(1956); Fick and 
Van der Heyde 
(1959). 

Verwoerd (1963). 


Pike (1958); U.S. 
Bur. Mines (1964). 

Derriks and Vaes 
(1956). 


Murdock (1963). 
Wadia (1956). 
Parker (1965). 
Davidson (1956). 
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TABLE 117.—Identified resources’ of the rare earths and some potential rare-earth deposits of the world—Continued 


Rare-earth oxides ? 


Country Deposit Type (tons) Remarks References 
Malaysia ----------- Warious)=--=-- = =e iPlacersyees—see—s = ao Not reported ------- Monazite, xenotime. Do. 
Byproduct of Sn. 
Indonesia --------_-- See), Sas e Sse Sese seas Beech) GaSeesesseess masct Sceceocoresie Monazite mess === ae Olson and Over- 
street (1964). 
Maiwanen soos Coastal areas --__-___-_ Beach placers ------ 6,000 ene C0 ae ee Shen (1965). 
Korea isons seneeeeoee Warious)=--s--=--)o = Stream and beach 54,900 Monazite. Tonnage from Olson and Over- 
placers. evaluated deposits street (1964). 
only. 
Australing eee ee ldo mee Sets sees Beach placers -__---- 480,000 Monazitemac one een eeee Parker (1965). 
Mary Kathleen -_-------_ Contact metamorphic_ Not reported --_--_- Allanite, stillwellite in Matheson and Searl 
U deposit. (1956). 
Radiumy Hee WWE qcosteecesetcs Sete) oeeessoseesee Brannerite ~----------__ Barrie (1965). 
WRAL ieee ee eee eee 18,666,000 
(rounded). 


1Tdentified resources: Specific, identified mineral deposits that may or may not be evaluated as to extent and grade, and whose contained minerals 
may or may not be profitably recoverable with existing technology and economic conditions. 
2 Monazite assumed to contain 60 percent and euxenite 15 percent rare-earth oxides. 


gether with data on their reserves or resources, 
where such information is available. For some de- 
posits the rare-earth tonnage has been derived in- 
directly from data in the cited references. The total 
resource potential, more than 1814 million tons, 
does not include the resources of rare earths in the 
sedimentary phosphatic rocks but does include the 
igneous apatite of the Kola Peninsula. 

Only a fraction of this rare-earth potential can 
likely be recovered. Some deposits, such as many of 
the monazite placers in the Southeastern United 
States, either are too small to be worked or are on 
land too valuable for other purposes to be mined. 
Where rare earths are a potential byproduct, as in 
deposits mined for uranium, niobium, or phosphate, 
there will be no recovery without sufficient demand. 


PROSPECTING TECHNIQUES 


The discovery of rare-earth deposits is likely to 
be an accidental adjunct to the search for radioac- 
tive materials. This was true of the Mountain Pass 
bastnaesite deposit, where a local radioactivity 
anomaly due to thorite attracted the attention of 
prospectors. Numerous other rare-earth occurrences, 
for the most part uneconomic, were found during 
the period when the use of portable radiation- 
detecting instruments became commonplace. Many 
of these discoveries were made because of the radio- 
activity of monazite, which normally contains sev- 
eral percent thorium. Bastnaesite, however, is not 
itself appreciably radioactive, and where it is largely 
unaccompanied by thorium or uranium minerals, as 
in the Gallinas Mountains, N. Mex. (Perhac and 
Heinrich, 1964), radioactivity is of little value in 
prospecting. 

Lanthanide ions—notably those of neodymium, 
praseodymium, erbium, and holmium—produce ab- 
sorption bands in the spectrum of light transmitted 
by many of the minerals in which they are present. 
These bands are easily seen with a hand spectro- 


scope or microspectroscope when the mineral is 
illuminated by a strong source of white light 
(Adams, 1965). Samples can be examined in the 
field using sunlight, but they can be examined more 
effectively in the laboratory. The mineral grains 
must be sufficiently translucent to transmit some 
light, as is commonly true of bastnaesite, monazite, 
and xenotime. The use of this technique in the 
examination of panned concentrates was suggested 
by Mertie (1954). 

The recognition of cerium subgroup minerals by 
the use of unfiltered light from an ultraviolet lamp 
has been described by Murata and Bastron (1956). 
The emerald green shown by the minerals is due 
to the absorption of certain wavelengths of light 
by neodymium and praseodymium and is a very 
useful preliminary test for bastnaesite, monazite, 
and some other nonopaque rare-earth minerals. 

Many rare-earth-bearings materials are not rec- 
ognizable by mineralogical examination, particularly 
when these elements are present in carrier minerals 
such as apatite, sphene, zircon, or thorite. For such 
rocks some analytical method such as X-ray fluores- 
cence or emission spectrography (Parker and Ba- 
roch, 1971) must be used. 


PROBLEMS FOR RESEARCH 


Although known resources of rare earths are 
large, they undoubtedly can be increased by con- 
tinued investigation of geologic materials in all 
parts of the world. Some potential domestic sources 
are not evaluated, and many others remain to be 
discovered. Resources in the apatite of phosphorites 
and iron deposits are impressive but are of little 
value until economic methods of recovery are de- 
veloped, and research in this field is needed in 
anticipation of their eventual use. This is also true 
for the resources in thorite veins, where the rare 
earths may be an important coproduct. (See ‘“Thor- 
ium” in chapter on “Nuclear fuels.”’) 


RARE-EARTH ELEMENTS 


A major problem in the rare-earth field, however, 
is not one of scarcity of raw materials, but rather 
of developing a better balance in the utilization of 
all the rare-earth elements normally recoverable 
from the ores. The ore minerals bastnaesite and 
monazite contain the individual rare earths in char- 
acteristic, though somewhat variable, proportions, 
with cerium subgroup elements predominant. Thus, 
a ton of bastnaesite may contain about 700 pounds 
of cerium oxide but only 114 pounds of europium 
oxide. These relationships, which are established by 
the natural distribution of the elements in the ores, 
cause no problems when the demand for mixed or 
separated elements is roughly proportional to their 
abundance. If, however, an unusual demand arises 
for one specific element, as for europium, its extrac- 
tion can result in the unavoidable production of 
other lanthanides in excess of existing requirements. 
Increased uses for the more abundant rare earths 
and significant uses for some of the scarce ones 
would be of great value in stabilizing the industry, 
and it is in the discovery of these uses that further 
research is needed. 
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ABSTRACT OF CONCLUSIONS 


Rhenium, a rare element that has only recently come into 
significant industrial use, has properties excellently suited 
for application as a refractory metal, as an alloying element, 
in high-temperature thermocouples, in electronic components, 
and as a catalyst in petroleum refining. Rhenium is ob- 
tained from molybdenite that is recovered as a byproduct 
of copper production, and the supply of rhenium, as well as 
the world resources of rhenium is therefore closely tied in 
with the world’s resources of molybdenum in porphyry copper 
deposits. 

Identified U.S. resources of rhenium are estimated to be 
about 10,000 short tons, and world resources on the order of 
30,000 short tons. Although other sources may exist, they 
are not known to be significant. 


INTRODUCTION 


Rhenium, one of the rarest and most dispersed of 
the metallic elements, has been intensively studied 
since its discovery in 1925. Rhenium metal is silvery 
gray and has a melting point of about 3,180°C, the 
second highest of all metals (after tungsten). It 
has a density of 21 grams per cubic centimeter, the 
fourth heaviest of the metals; it is almost as heavy 
as platinum. It is ductile, extremely hard, and high 
in tensile strength. Wrought rhenium metal resists 
oxidation, but rhenium in powder form oxidizes 
readily at the moderate temperature of 150°C. Rhe- 
nium does not occur in its native or pure state but 
only in combination with other elements, and no 
definite rhenium minerals have yet been identified. 


It has been found in significant concentrations only 
in association with molybdenite. 

Rhenium, atomic number 75, is a heavy transi- 
tion metal that can form an extensive series of com- 
pounds that include the widest range of valences of 
any element, from —1 to +7. Rhenium is placed in 
column 7B of the periodic table, below manganese 
and technetium, adjacent to tungsten and the plati- 
num metals, and diagonally below molybdenum. It 
has a marked affinity for sulfur, as does molybde- 
num. The association with molybdenum is marked, 
but there is evidence of only a slight association 
with manganese, the platinum metals, and tungsten 
(Fleischer, 1959). Unique features of rhenium 
chemistry are the unusually high volatility of the 
heptoxide and the high solubility of the heptoxide 
in water and oxygenated solvents. 

Various figures are given in the literature for the 
abundance of rhenium in the earth’s crust, ranging 
from 0.5 to 10 parts per billion. 


USES 


The principal uses of rhenium are as an alloying 
element in specialty metals, in high-temperature 
thermocouples, in filaments of mass spectrographs 
and ion gages, in electronic and electrical control 
devices, flash lamp filaments, metallic coatings, heat-, 
wear-, and corrosion-resistant alloys, and as a cata- 
lyst in petroleum refining to produce high-octane 
gasoline (Shimamoto, 1972). Its high melting point 
and module of elasticity and its heat-stable crystal- 
line structure make rhenium an excellent refractory 
metal. 

In view of the current attention being placed 
upon environmental pollution, particularly as re- 
lated to modern gasoline-powered transportation, 
the beneficial properties of rhenium as a catalyst in 
the petroleum-refining industry may make it of 
great national importance in the very near future. 
High-octane gasoline is produced more economically 
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by the use of bimetallic catalysts, such as platinum- 
rhenium. Rhenium does not substitute for platinum 
in the refining (rheniforming) process, but acts as 
a promoter for the platinum catalyst. 


EXPLOITATION 


Rhenium is produced only in connection with the 
industrial practice of roasting of molybdenite con- 
centrates that contain about 100 to 2,000 ppm (parts 
per million) rhenium (Churchward and Rosenbaum, 
1963). Such concentrates are almost exclusively 
those that are prepared as a byproduct from the 
mining of the porphyry copper-molybdenum ores of 
British Columbia, Western United States, Mexico, 
Peru, Chile, and Russia. 

In the United States, current production of rhe- 
nium, totaling only a few tons per year, comes from 
its recovery from flue dusts that accumulate during 
the conversion of byproduct molybdenite concen- 
trates to molybdenum trioxide. 

Current technology permits recovery of rhenium 
from those deposits in which the rhenium content 
of the molybdenite is at least 100 ppm. 

Earliest recorded commercial production of rhe- 
nium was in 1930 when small amounts of the metal 
were recovered from copper smelter wastes at 
Mansfeld, Germany. 

In the U.S. rhenium production began in 1942 at 
the University of Tennessee, with the recovery there 
of a few hundred pounds from smelter flue ducts 
from the Miami Cooper Co.’s plant in Arizona; 
sizable production did not begin until 1954 when 
the Kennecott Copper Corp. began to recover rhe- 
nium from some of the copper-molybdenum ores. 
Annual production of rhenium increased markedly 
during the early 1960’s from about 1,000 pounds in 
1962 to about 4,000 pounds in 1966, according to 
annual reports of the U.S. Bureau of Mines. 

In 1960 the world’s recoverable reserves of rhe- 
nium were estimated to be greater than 500 tons, 
U.S. reserves amounting to about 65 percent of the 
total. World production in 1965 was about 5,000 
pounds of rhenium. The price of rhenium has 
ranged widely over the years, from $400 to $800 
a pound. 


RESOURCES 


The principal rhenium resources consist of trace 
amounts occurring in the molybdenite that accom- 
panies the copper ores of porphyry copper deposits. 
Rhenium is also present in the molybdenite of the 
porphyry molybdenum deposits, in contact-meta- 
morphic tungsten-molybdenum deposits, molybde- 
num-bearing pegmatites, and molybdenite-bearing 
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quartz veins. It also occurs with molybdenum and 
uranium in bedded deposits in sandstone, in bitu- 
minous copper-bearing shales, in vanadiferous black 
shales, and in cupriferous sandstone deposits. 

The molybdenites of porphyry copper deposits 
contain from about 100 to 3,000 ppm rhenium, sev- 
eral times that in other types of deposits. Although 
notable exceptions are known, in which rhenium 
concentrations exceed 2,000 ppm, these exceptions 
represent deposits containing tonnages too small to 
be of economic significance under present conditions 
(Peterson and others, 1959). 

Identified resources of rhenium in porphyry cop- 
per deposits are estimated to be about 10,000 short 
tons in the United States and on the order of 30,000 
short tons in the entire world. These estimates are 
calculated from the identified resources of molyb- 
denite in porphyry copper deposits as detailed in 
“Molybdenum” of this volume, assuming an aver- 
age rhenium content of 800 ppm in the molybdenite 
(=1,383 ppm Re in Mo) of such deposits. 

Because the only known readily available source 
of rhenium is molybdenite, speculation as to addi- 
tional resources must be related to molybdenum 
resources. Nongeological factors, however, may op- 
erate independently of the relation of rhenium to 
molybdenum, to add significantly to the rhenium 
resource base. Such factors include potential im- 
provement in the technology of recovery, which may 
make it possible to profitably recover rhenium from 
the very large resources of molybdenite in the mo- 
lybdenum porphyry deposits; improvements in 
process metallurgy; and discoveries of new uses, 
which may reduce costs of end products, with re- 
sulting increase in demand for rhenium and possible 
increase in its price. Owing to these factors and to 
the variability of the rhenium content in molyb- 
denite, any attempt at present to quantify the hypo- 
thetical and speculative resources of rhenium would 
have very little meaning. 


PROBLEMS FOR RESEARCH 


Considerable variation in rhenium content of 
molybdenite from different parts of a deposit has 
recently been noted. Determining average values 
for rhenium in molybdenite in large deposits re- 
quires analysis of many samples, still a time- 
consuming and expensive process; the only alterna- 
tive today is to depend on analyses of mill concen- 
trates for these average values. Further research 
into analytical techniques seems warranted in order 
to permit adequate sampling of the large low-grade 
porphyry deposits, to delineate variations of rhe- 
nium in molybdenite, and to obtain better under- 
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standing of zonal distribution of rhenium in copper- 
molybdenum deposits. 

Rhenium minerals have not yet been isolated, 
with the possible exception of a rhenium copper 
sulfide from Russian deposits; moreover, the struc- 
tural relation of rhenium in molybdenite is not well 
understood. Research into these aspects of rhenium 
mineralogy seems warranted. 
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ABSTRACT OF CONCLUSIONS 


The sand and gravel industry is the largest nonfuel min- 
eral industry in terms of volume, in the United States. Al- 
though the United States currently produces enough sand 
and gravel to supply its requirements, it is predicted that 
by A.D. 2000 the domestic resources accessible at 1968 prices 
will barely meet the demand. 

The most important commercial sources of sand and gravel 
are river channels and glaciated terrain. However, as these 
sources become depleted, marine and lake environments could 
become important. 

Deposits in all areas are located by conventional field map- 
ping with the aid of geophysical techniques, such as seismic 
refraction and reflection and resistivity surveys. 

A current major problem facing industry is land-use con- 
flict where land containing potentially rich sand and gravel 
resources is at present more valuable for building develop- 
ment and is thus removed from future mineral production. 
Planning resulting in effective multiple use of the mineral- 
rich land would allow for the recovery of sand and gravel 
prior to urbanization. 

Additional sand and gravel now noneconomic may be 
made available through development of low-cost transporta- 
tion from remote deposits or by the establishment of a 
workable two-way (back haul) exchange system. 


INTRODUCTION 


The sand and gravel industry is the largest non- 
fuel mineral industry, in terms of volume, in the 
United States. Although this commodity possesses 
the lowest average unit value of all the mineral 
commodities ($1.11 per ton in 1968), its total pro- 
duction value in 1970 was approximately $1.1 bil- 


lion, surpassed by only a few mineral commodities. 

The construction industry accounts for 96 per- 
cent of all domestic consumption of sand and gravel, 
the principal uses being concrete aggregate, bitu- 
minous mixes, and fill. 

At present the United States is entirely self- 
sufficient and produces enough sand and gravel to 
supply all domestic requirements. However, because 
of the continual increasing cost of land, equipment, 
and personnel, as well as widespread zoning and 
environmental limitations, the outlook for the in- 
dustry is uncertain and not without problems. Do- 
mestic resources now accessible at 1968 prices are 
barely adequate to meet the maximum cumulative 
forecast demand of 66 billion tons by the year 2000 
(Cooper, 1970). Transportation costs severely limit 
international trade in sand and gravel; thus, it is 
not surprising that less than 1 percent of the sand 
and gravel used in the United States is imported. 

Domestic production of sand and gravel in 1970 
was 943.9 million short tons, 43 percent of which 
was produced in seven States—California, Michi- 
gan, Ohio, Minnesota, Illinois, Wisconsin, and New 
York. Of the 100 largest sand and gravel operations 
in the United States, almost all are near the large 
population centers. The San Francisco Bay and Los 
Angeles areas account for 27 of the 100 largest 
operations. Most of the remainder are east of the 
Mississippi River in the Northern States, where the 
bulk of the population of the country is centered. 
Fortunately, much of this area falls within the 
glaciated area of the United States, which is a rich 
source area for sand and gravel deposits. 

Although there seems to be an increasing need, 
the demand for this commodity has, in the past, 
fluctuated locally as a function of construction of 
large public works projects, such as dams, freeways, 
and aqueducts. Such construction consumes by far 
the greatest tonnages of sand and gravel. A pre- 
diction of future need, therefore, hinges on a pre- 
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diction of future public-works projects. As the 
Nation becomes urbanized with a high population 
density, the need for more public-financed dams and 
highway projects may decrease. New forms of mass 
transit and housing structures, however, will place 
increased demands on the sand and gravel industry. 


GEOLOGIC ENVIRONMENTS AND THEIR 
DISTRIBUTION 


Sand and gravel are unconsolidated rocks and 
minerals ranging in size from silt (0.0039 mm) to 
boulders, formed by the breakdown, erosion, and 
transport of bedrock by ice, water, and wind. The 
precise definition and specifications for sand and 
gravel are extremely variable and commonly so 
complex that generalization is difficult. However, 
gravel generally has an upper size limit of 314 
inches in diameter and a lower limit of one-fourth 
of an inch, and sand particles are 1/4-1/16 of an 
inch in diameter (Industrial classification of the 
American Society for Testing and Materials). 

Ideally, a commercial deposit contains 60 percent 
gravel and 40 percent sand (Goldman, 1961). This 
provides ample coarse material to crush for road 
base or bituminous aggregate, and sand in the cor- 
rect sizes and proportions for use in concrete. In 
addition, the aggregate used for concrete should be 
essentially free of clay, silt, mica, organic matter, 
chemical salts, and surface coatings. 

The primary commercial sources of sand and 
gravel are along existing or ancient river channels 
and in glaciated terranes; marine and lake environ- 
ments have been less important source areas. Water 
is the sculpturing, sorting, cleansing, and transport- 
ing agent that is responsible for the flood-plain, 
outwash-plain, stream-terrace, alluvial-fan, esker, 
kame, delta, and moraine deposits that form the 
principal commercial deposits of sand and gravel. 
Windblown deposits locally are of minor economic 
importance. 

The sand- and gravel-rich geologic environments 
differ throughout the United States. The distribu- 
tion of the most abundant deposit types on a 
countrywide geographic basis is as follows: North- 
ern States, glacial outwash and till; Atlantic and 
Gulf Coast States, marine terraces; Southeastern 
and South Central States, river deposits; Mountain 
States, stream and fan deposits; Great Plains, 
stream deposits; and Pacific Coast States, alluvial 
fans, river deposits, river terraces, beaches, and 
dunes. 

California leads all other States in sand and 
gravel production, of which 75 percent of the sand 
and gravel is produced from stream deposits. The 


huge alluvial-fan deposits in both the San Francisco 
and Los Angeles areas are the main sources of sand 
and gravel, but stream-channel deposits are also 
widely exploited. The stream deposits throughout 
the State are important sources for sand and gravel 
primarily because of their widespread availability, 
but other factors, such as thin overburden, nearness 
to water necessary for processing, and yearly re- 
plenishment by spring flooding, are important. The 
average particle size changes along a river channel, 
generally providing a variety of differently sized 
material for specific needs. The natural abrasive 
action prevalent during stream transport removes 
the nonresistant particles and concentrates the dur- 
able ones. Stream-produced subrounded to well- 
rounded particles are particularly desirable for use 
in concrete. 

Glaciofluvial deposits, eskers, kames, and outwash 
provide the bulk of the sand and gravel in the Mid- 
western and Northeastern States. These deposits 
are favorable sources for sand and gravel because 
they are common and widespread, possess little 
deleterious material, and are generally free of over- 
burden. 

In 1964 only 3 percent of the United States pro- 
duction of sand and gravel (including shell deposits) 
came from the ocean floor (Emery, 1966). As land 
sources are exhausted or removed from production 
for various reasons, the offshore deposits will prob- 
ably be more extensively exploited. 

Bedded pre-Quaternary semiconsolidated sand- 
stones and conglomerates deposited in ancient allu- 
vial, lake, or marine environments have rarely been 
used as sources for sand and gravel. This type of 
deposit, while having a potential advantage of almost 
unlimited tonnages, has such disadvantages as thick 
overburden, high content of weathered, friable par- 
ticles, high percentage of clay, and enough indura- 
tion to require crushing. The use of such deposits 
is currently limited, although the Pliocene Kern 
River Formation in southern California has been 
utilized as a sand and gravel source (Goldman and 
Klein, 1961). 


POTENTIAL RESOURCES 


The estimated potential resource of sand and 
gravel in the United States is of little value unless 
costs of production are considered. A bulk tonnage 
not only would be difficult to estimate, but also 
would be meaningless without an economic frame 
of reference. Considerations, such as location, ton- 
nage, quality, accessibility, and economic availabil- 
ity to markets, must be included in meaningful 
evaluations. In the near future shortages of sand 
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and gravel will result from uneven distribution of 
deposits, depletion of local deposits, urban encroach- 
ment, increased cost of property acquisition, and 
higher transportation costs (Sheridan, 1967). 

Goldman (1966, p. 369), an authority on sand and 
gravel in California, stated that “there are no un- 
discovered deposits near the metropolitan areas that 
can be developed to meet demand * * *. The State 
faces depletion of its major sources within the next 
38 decades unless sand and gravel deposits can be 
set aside as natural resource zones for future use.” 
Thus, it may become necessary to import sand and 
gravel from beyond the present economic limit of 
50 miles. Consequently, we are faced with the task 
of correctly and effectively utilizing the known de- 
posits. This will, in large part, be controlled by the 
zoning and planning officials of city governments. 
The geologist’s role, therefore, may be merely to 
draw attention to the limits of the deposits and to 
point out that these deposits are the total resource 
existing within the economic radius of the popula- 
tion center. 

Crushed rock materials other than the conven- 
tional unconsolidated river and glacial deposits are 
potential sources that should be considered; how- 
ever, they have been neglected for specific reasons. 
Hard-rock mine dumps are potential resources of 
aggregate; however, although such material has 
had some use as road base, it is generally unsuitable 
for concrete aggregate because it lacks proper size 
and gradation and contains harmful sulfide min- 
erals (Goldman, 1956). Artificially crushed stone is 
also useful for road base where angular shape is 
desirable, but when crushed stone is used in con- 
crete, more cement is required, and more care is 
necessary in mixing and pouring than with conven- 
tional gravel. In the Tucson, Ariz., area, however, 
it has been forecast that “probably within 10 years 
coarse aggregate will be supplemented by broken 
and crushed rock quarried from nearby mountains” 
(Williams 1967). 

Dredge tailings generally consist of coarse gravel 
overlying fine-grained material, from which it is 
costly to obtain a “good blend’; however, many of 
these deposits are an excellent source of coarse 
aggregate. 

Pre-Quaternary rocks may be potentially useful 
but are generally too firmly cemented or contain too 
much weathered clayey material (Goldman, 1956). 

Marine and lake environments may offer some of 
the best potential source areas. Such environments 
should be target areas in a search for large blanket- 
type aggregate deposits. Much of the continental 
shelf from New England to New Jersey is mantled 
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by sand associated with lesser amounts of gravel 
“* * * in a quantity probably sufficient to constitute 
an economic asset” (Schlee, 1968). As the popula- 
tion continues to increase along the east coast 
(Washington, D.C.—Boston), demand for offshore 
supplies of sand and gravel will markedly increase 
(Emery, 1966). 

The underwater Great Lakes sand and gravel de- 
posits continue to grow in importance as upland 
sources diminish by depletion, zoning, and high 
transportation costs. Large quantities of high-grade 
aggregate are already being extracted in western 
Lake Erie and along the Lake Ontario and Erie 
shorelines (Woodrow and others, 1971). 


EXPLORATION TECHNIQUES 


Surface geologic mapping is perhaps the simplest 
and most common method by which sand and gravel 
deposits are located. Data are gathered by geological 
examination of streambanks, roadcuts, excavations 
for building foundations, and any other natural or 
manmade exposure of surficial material. With the 
aid of aerial photographs and topographic maps, 
and a knowledge of the types of landforms com- 
monly underlain by sand and gravel, the geologist 
can pinpoint potential resource areas for detailed 
field examinations. After a deposit is located, the 
geologist must determine thickness, lateral extent, 
possible tonnage, and overburden depth, and he 
must collect representative samples for specific de- 
terminations. Records of drill holes from oil, gas, 
or water wells can be used when available to give 
valuable information in the subsurface dimension, 
particularly pertaining to the thickness of sand and 
gravel deposits. 

In the absence of drilling data, information about 
the depth and lateral extent of sand and gravel can 
be obtained with the aid of several different geo- 
physical tools. Seismic refraction is a particularly 
sensitive method for determining depths and thick- 
ness of sand and gravel in certain geologic situations 
(Peterson and others, 1968). This method works 
best where less dense materials (sand and gravel) 
overlie denser materials (bedrock or fill). If a very 
dense overburden overlies an aggregate source, the 
presence of the aggregate is not likely to be deter- 
mined by use of the seismic method because the 
shock waves will be diffused downward into less 
dense material. In areas of shallow bedrock, shallov 
seismic devices employing a sledge hammer or fire- 
crackers rather than a dynamite charge can be used 
(Criner, 1966). 

Another geophysical method used to determine 
thickness of sand and gravel is electrical resistivity. 
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The method is generally used to measure texture; 
thus, bedrock would normally have a high resistiv- 
ity compared with overlying unconsolidated mate- 
rials. By using different electrode spacings, it is 
possible to “probe” to various depths and obtain a 
general idea of depths and thickness of layered units 
overlying bedrock. The method has been used suc- 
cessfully in a wide range of geologic environments 
and is a much cheaper way to obtain subsurface in- 
formation than drilling (Bruce and Lundberg, 1964; 
Peterson and others, 1968). 

Surface samples and bottom photographs provide 
the best data for locating sand and gravel in off- 
shore marine environments, although vibrocoring 
or drilling supplemented by seismic-reflection pro- 
files are needed for determination of thickness 
(Emery, 1966). Seismic profiles across the con- 
tinental shelf on the east coast show that a fairly 
uniform covering of sand and some gravel a few 
meters thick is present on the ocean floor (Schlee, 
1968). 


PROBLEMS FOR RESEARCH 


The sand and gravel industry, like many of the 
mineral industries, is currently beset with a wide 
variety of source and utilization problems. The ma- 
jor problem centers on land-use conflicts where land 
containing potentially rich sand and gravel resources 
is found to be more valuable for other uses and is 
removed from mineral production. 

A great deal more sand and gravel is being cov- 
ered by manmade structures than is being produced 
for consumption (Cooper, 1970). A report on the 
Denver, Colo., area disclosed that four times as 
much aggregate has been lost through expansion 
of the city and suburbs into areas containing po- 
tential usable sand and gravel deposits than had 
been consumed in construction (Sheridan, 1967). 
The situation is probably similar in many other 
metropolitan areas in the United States. The mil- 
lions of cubic yards of sand and gravel lost annu- 
ally could be made available with better planning. 
Areas adjacent to large population centers should 
receive high priority in locating and preserving 
future sand and gravel resources. 

The heavily populated and urbanized Middle At- 
lantic, New England, and Pacific Coast States pre- 
sent the most immediate problems with respect to 
sand and gravel resources because of (1) the rapid 
depletion of currently operated deposits, (2) the 
covering of potential resources by urban structures, 
and (3) opposition to environmental disturbance 
that might result from sand and gravel operations. 
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more efficient multiple use of the land will be re- 
quired. Numerous examples of beneficial multiple 
land use are demonstrated in the metropolitan Den- 
ver, Colo., area (Sheridan, 1967). Initially, the sand- 
and gravel-rich lands were used for agriculture. 
Later, sand and gravel were extracted, and the 
mined-out areas were subsequently used or are 
now serving as critically needed sanitary land-fill 
sites (garbage dumps). When the land is restored 
to a usable profile and grade, it is reclaimed in one 
of many ways, such as building sites for industrial 
and commercial structures, shopping centers, or 
churches, or as sites for recreational facilities, 
streets, freeways, or parking lots. “The conversion 
has been so complete and successful that, at many 
locations, nothing remains to indicate that the rela- 
tively temporary extractive operation existed” 
(Sheridan, 1967). More of these successful multiple- 
land-use projects are needed as vast acreages of 
sand and gravel have been lost to production by 
the rapid urban sprawl. Equally large deposits re- 
main, however, in urban areas from which, with 
thoughtful planning, the mineral potential can be 
realized while still preserving the land for later 
use. Several fairly detailed studies of site utiliza- 
tion and rehabilitation practices for sand and gravel 
operations have been made (Schellie and Rogier, 
1963; Johnson, 1966; Bauer, 1965; Ahearn, 1964). 
The widespread implementation of these practices 
is needed. 

Environmental limitations are factors that must 
be considered in the location and development of 
sand and gravel deposits. The effects of traffic, 
smoke, dust, noise, vibration, perils of excavation 
or ponds, hazards of mining equipment, depression 
of property values, unsightliness, water pollution, 
and lowering water table must be determined prior 
to the mining. 

The threat to animal and plant life, streambed 
and runoff changes, and local flooding are problems 
associated with the dredging of sand and gravel 
that put limits on the location and type of deposits 
which can be used. 

Large quantities of water are needed for process- 
ing most sand and gravel deposits, and the avail- 
ability of abundant, cheap water is becoming a fac- 
tor in the location of plants. 

Local problems of the sand and gravel industry 
vary in different geographic areas. In the Tucson, 
Ariz., area, for example, problems are principally 
those of (1) the thinness (8-10 ft) of the gravel 
beds, (2) presence of caliche, which cements the 
gravel and is a deleterious material, (8) inadequate 
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hot weather causing rapid setting of cement, thus 
requiring a short haul limitation for mixed cement 
(Williams, 1967). 

Many of the major problems associated with the 
industry could be eliminated if a cheap means of 
transporting sand and gravel were available. Trans- 
portation costs of this large-volume, low-unit-value 
commodity limit the distance the deposit can be 
from the market and still be economical. In Cali- 
fornia, this distance is roughly 40 to 50 miles (Gold- 
man, 1968), and in Oregon, less than 20 miles 
(Schlicker, 1969). In some areas where the “back 
haul” can be utilized for some other commodity, 
the distance increases, as in the Denver area, where 
sand and gravel are back-hauled as much as 160 
miles east of the city by Kansas grain trucks (Sheri- 
dan, 1967). 

Perhaps the key to the future of the industry is 
to develop a cheap form of transportation to and 
from the metropolitan centers. What do the people 
in the metropolitan areas have in excess that they 
would like to get rid of in exchange for sand and 
gravel? Garbage! Perhaps unit trains could be used 
to exchange garbage for sand and gravel in sparsely 
populated areas. The garbage could be used as back- 
fill, thus producing little noticeable change on the 
shape of the landscape. 
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ABSTRACT OF CONCLUSIONS 

Scandium is a rare metal that at present has only minor 
industrial applications. Geochemically, it is a highly dis- 
persed element that occurs chiefly in trace amounts in the 
ferromagnesian minerals of igneous rocks. Scandium may 
be concentrated in pegmatites, some of which have been 
mined for thortveitite, one of the few independent scandium 
minerals. It may also be present in anomalously high amounts 
in some phosphate deposits and tungsten ores. Some scan- 
dium has been produced from domestic and foreign uranium 
ores in mills where it accumulated in residues that developed 
during the extraction of uranium. Scandium apparently is 
not being recovered from any source at the present time, but 
if demand were to increase, the element could be obtained 
again as a byproduct of uranium-ore processing as well as 
from certain tungsten ores and phosphatic rocks. 


INTRODUCTION 


Scandium (Sc) is a soft silvery metal that was 
discovered in 1879 but was not prepared in its 
metallic form until 1937. It has atomic number 21 
and is trivalent. It is sometimes included as a mem- 
ber of the rare-earth group but differs markedly 
from the rare earths in its geochemical behavior. 

Scandium is a commodity whose statistics of pro- 
duction and demand are quoted in grams rather than 
tons. Until a few years ago, its sole and very lim- 


ited commercial use was as a tracer of fluid flow in 
oil wells. This purpose requires the irradiation of 
natural Sc*® in a nuclear reactor to produce the 
radioactive isotope Sc**, which has a half life of 
84 days. Recently, however, a new application for 
scandium has been found in high-intensity lamps— 
the metal produces light in a more balanced color 
range. Several thousand grams of scandium are now 
used in these lamps annually (U.S. Bur. Mines, 
1971). 

Scandium is an expensive metal owing to both 
the cost of extraction and the very limited demand. 
In the past, it has been obtained almost exclusively 
from the rare mineral thortveitite, a scandium- 
yttrium silicate mined in Norway and Madagascar, 
but since 1960 its chief source has been waste prod- 
ucts from certain uranium mills that use an or- 
ganophosphate solvent extraction process for ura- 
nium recovery (Ross and Rosenbaum, 1962). 
Seandium has not been produced from uranium 
mills in the United States for several years, and 
the limited demand has been met from producers’ 
stockpiles or from imports from Canada and Au- 
stralia (U.S. Bur. Mines, 1971). 

Should the need for scandium increase drastically, 
it could be produced from several possible sources, 
but its price would probably always be high if low- 
grade raw materials had to be used. 


GEOLOGIC ENVIRONMENT 
GEOCHEMISTRY 


Scandium tends to be dispersed like the rare- 
earth elements, but it is dispersed to an even greater 
degree. Its crustal abundance has been variously 
estimated to be 5-30 ppm (parts per million) 
(Fryklund and Fleischer, 1963; Parker, 1967), 
about that of some lanthanide elements, but much 
greater than that of such familiar elements as anti- 
mony, mercury, molybdenum, and silver, which are 
more readily available owing to their tendency to 
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accumulate in enormously high concentrations in 
localized sites. 

Most of the scandium in the earth’s crust is con- 
tained in igneous rocks, where it is largely a trace 
constituent of the ferromagnesian minerals. These 
minerals may commonly contain 5-100 ppm Sc.O,; 
(Frondel, 1968, p. 122). Pyroxenes, hornblende, and 
biotite are the usual hosts for scandium; therefore, 
rocks rich in these minerals, notably the mafic rocks, 
will have the highest scandium contents. Analyses 
of 76 samples of igneous and sedimentary rocks, 
including nine composite samples, reported by Nor- 
man and Haskin (1968), showed that the highest 
scandium contents (30-40 ppm) are in basalts and 
gabbros and the lowest (about 1 ppm) in nepheline 
syenites and limestones. 

Scandium in the ferromagnesian minerals appar- 
ently substitutes for iron in sites occupied by either 
(Fet3,Al) or (Fet?,Mg). Scandium can also form 
limited solid solution with Y+%, Al, the heavy lan- 
thanides Ert? to Ybt’, Tit‘, Snt‘, Zrt+4, and W+® 
in certain geochemical environments. Where scan- 
dium is substituting for higher valence ions, such 
as Tit* or Wt’, a complex coupling mechanism in- 
volving (Nb,Ta)+® and Fet® may be required for 
charge balances in some minerals (Frondel, 1968). 


MINERALOGY 


Scandium is an essential constituent of very few 
minerals and these are all very rare species. These 
minerals are: 


hortveitite eee Se, Y) SiO; 

Sterrettite (Kolbeckite) ~Sc(PO.)2H.0O 

Bazzitey 2s ae eae Be; ( Sc,Al) 2916018 

Marhasite 2222-2 i KBa(Al,Sc) (Mg,Fe) oSisO2oF's 


Many additional minerals may contain scandium 
in amounts that range from a few to thousands parts 
per million through substitution by one or more of 
the mechanisms mentioned above. In addition to 
being found in the ferromagnesian minerals, scan- 
dium is found in multiple-oxide minerals of the 
rare earths, columbite, wolframite, cassiterite, beryl, 
garnet, muscovite, and aluminum phosphate min- 
erals. The scandium contents of these and many 
other minerals have been reported by Neumann 
(1961), Borisenko (1963), Vlasov (1964), Phan, 
Foissey, Kerjean, Moatti, and Schieltz (1967), 
Frondel, Ito, and Montgomery (1968), and Frondel 
(1970a,b). Inasmuch as several of the minerals 
that are scandium carriers are also important ores 
of other elements, byproduct recovery is a distinct 
possibility. 
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TYPES OF DEPOSITS 
PEGMATITES 

Granitic pegmatites have so far been the only 
source of the high-grade scandium ore mineral 
thortveitite. Thortveitite-bearing pegmatites, known 
from only a few places in the world, have been 
mined for scandium in the Iveland-Evje district in 
Norway and in Madagascar. 

In Norway, at least 10 pegmatites have produced 
thortveitite, but the aggregate recovery by 1961 was 
only about 50,000 grams (Neumann, 1961). The 
Befanomo pegmatite in Madagascar, apparently ex- 
hausted by 1955, supplied 38,000 grams (Murdock, 
1963, p. 101). 

Neumann’s (1961) study of the Norwegian peg- 
matites shows that most of the scandium is con- 
tained in iron minerals, chiefly biotite and ilmenite, 
and that minerals from dikes in which thortveitite 
is present are richer in scandium than those from 
dikes without thortveitite. Neumann suggested that 
a deficiency of divalent iron, for which scandium 
commonly proxies, would favor the development of 
thortveitite in a pegmatite. 

Quite similar observations were made by Phan, 
Foissy, Kerjean, Moatti, and Schieltz (1967) from 
their work on Madagascar pegmatites. They noted 
that one rarely finds a rich scandium mineral if the 
associated minerals are scandium poor and that one 
can observe in the majority of mineral deposits the 
following decreasing order of tenor: Thortveitite, 
niobium-tantalum minerals (metamict minerals, 
columbite-tantalite, ilmenorutile), muscovite, gar- 
net, beryl, and tourmaline. 

The only known occurrence of thortveitite in the 
United States is in the Crystal Mountain fluorite 
deposit in Montana (Parker and Havens, 19638). 
This deposit, described by Taber (1952, 1953) and 
by Weis, Armstrong, and Rosenblum (1958), con- 
sists of tabular bodies of fluorite in coarse-grained 
biotite granite that contains xenoliths of biotite- 
quartz-plagioclase gneiss, hornblende-plagioclase 
gneiss, and pegmatitic granite. Gangue minerals in 
the fluorspar are altered feldspar, sericite, quartz, 
and biotite. Massive quartz overlies the west out- 
crop (Geach, 1963). Radioactive zones, such as de- 
scribed by Weis, Armstrong, and Rosenblum (1958, 
p. 20), lie along the margins of the fluorite bodies. 
These zones consist largely of dark-purple fluorite 
and contain considerable biotite. Accessory minerals 
include sphene, quartz, oligoclase, apatite, green 
amphibole, fergusonite, thorianite(?), and thortvei- 
tite (Parker and Havens, 1968). 

Limited geologic information on the Crystal 
Mountain deposit suggests a magmatic origin. One 
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might speculate further that the pegmatite is actu- 
ally unusual. If it is unusual, the massive quartz 
body mentioned by Geach (1963) would be an asym- 
metric core, the fluorite bodies an intermediate zone, 
and the radioactive layers the wall zone. 

The Crystal Mountain deposit has been actively 
mined for fluorspar since 1952, but there is no indi- 
cation that thortveitite or other minerals have been 
recovered. 

The influence of host rock on the scandium con- 
tent of pegmatites has been long considered and is 
discussed by Neumann (1961) and Phan, Foissy, 
Kerjean, Moatti, and Schieltz (1967). Amphibole- 
bearing rocks seem definitely favorable for scandium 
pegmatites, but an amphibolite host rock is no assur- 
ance that a pegmatite will be enriched in scandium. 


GREISEN AND VEIN DEPOSITS 


Metasomatic deposits containing minerals of 
tungsten, tin, or beryllium in association with 
quartz, muscovite, topaz, or tourmaline are found in 
or near granitic bodies from which they, and re- 
lated high-temperature veins, presumably were de- 
rived. These deposits, called greisens, are apt to 
contain minerals with anomalously high scandium 
content. According to Borisenko (1963), the main 
scandium carriers in greisens are wolframite, cas- 
siterite, beryl, and micas. 

Wolframite is commonly the richest in scandium 
of the greisen minerals and may contain up to 0.4 
percent Sc.0O;, although the average content is con- 
siderably lower. Where wolframite occurs in both 
greisen and associated high-temperature veins, the 
scandium content of the wolframite may differ. In 
the Lake George area, Colorado (Hawley, 1969), 
wolframite from greisen contained 0.3 percent scan- 
dium as compared to 0.07 percent in wolframite 
from a quartz vein in greisenized wallrock. 

Scandium enrichment is uncommon in deposits 
that would be considered normal hydrothermal veins, 
and even wolframite and cassiterite from these veins 
generally do not contain more than 0.005 percent 
Se.0; (Vlasov, 1964). Ross and Rosenbaum (1962), 
however, give an analysis of Colorado ferberite 
(FeWO,) ore, presumably from the low-temperature 
hydrothermal veins of Boulder County, that shows 
a scandium content of 0.01 pereent. 


VARISCITE DEPOSITS 


Sterrettite, one of the few minerals in which 
scandium is a major component, occurs sparsely in 
a highly brecciated zone in limestone at Fairfield, 
Utah. It is associated with a large suite of phosphate 
minerals of which variscite, Al(PO,).-2H.0O, and 
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crandallite, CaAl(PO.,).(OH);-H.O, are the most 
common. 

In addition to its occurrence in sterrettite, scan- 
dium has been found in the associated phosphate 
minerals, notably crandallite and variscite, which 
contain from 0.01 to 0.8 weight percent Sc.0;. A 
small amount of scandium oxide was produced from 
4,000 pounds of crude ore from the limestone de- 
posit. The ore contained crandallite, variscite, chert, 
and limonitic clay and averaged 0.10 percent Sc.0; 
(Frondel and others, 1968). 

The deposit at Fairfield is thought to have formed 
under near-surface conditions by the precipitation 
of phosphate dissolved by ground water from the 
overlying Phosphoria Formation (Larsen, 1942). 
The average scandium content of the Phosphoria is 
0.001 percent (Gulbrandsen, 1966), but analyses of 
phosphatic shale from the Fairfield area were found 
by Ross and Rosenbaum (1962) to contain as much 
as 0.05 percent scandium. 

Anomalous amounts of scandium have been found 
in variscite deposits in the Western United States; 
the origin of the deposits and their relationship to 
the Phosphoria Formation seems to be quite similar 
to the origin and relationship of the Fairfield de- 
posit (Frondel and others, 1968), which is the 
richest deposit found so far. 


ENRICHMENTS IN OTHER MATERIALS 


Scandium in concentrations greatly above crustal 
abundance has been found in many geologic mate- 
rials and mill products, including coals, titaniferous 
magnetite ores, bauxites, nickeliferous laterites, and 
some placer deposits (Ross and Rosenbaum, 1962; 
Vlasov, 1964). None of these sources may be said 
to constitute a scandium deposit, but some may be 
considered potential sources of scandium as a by- 
product of other commodities. 


RESOURCES 


If an important use developed for scandium that 
would require tons rather than grams or kilograms 
of the metal annually, what would be the most 
logical source? Considering the amount of thortvei- 
tite produced from pegmatites in Norway and Mada- 
gascar, pegmatite sources would be inadequate. 
Variscite deposits, such as at Fairfield, Utah, might 
supply a few pounds, but soon they would be ex- 
hausted. It is reasonable, therefore, to consider the 
lower grade deposits from which scandium might 
be produced as a byproduct. Tungsten ore concen- 
trates, including concentrates of wolframite, hueb- 
nerite, and ferberite, are one important possible 
source. According to annual reports of the Climax 
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Molybdenum Co., more than 1,000,000 pounds of 
tungsten concentrates, containing 0.05—0.08 percent 
scandium, are produced annually as a byproduct of 
molybdenum recovery at Climax, Colo. Work by the 
U.S. Bureau of Mines (Ross and Schack, 1965) has 
shown that about 85 percent of this scandium is 
recoverable at a cost relatively modest in relation 
to the value of scandium. The tungsten ore recov- 
ered from this one deposit could thus supply 400- 
700 pounds of scandium annually. 

Uranium deposits, even though they may have a 
very low scandium content, are potential sources, 
and indeed some scandium has been recovered from 
uranium mills in the United States and Australia. 
Recovery of scandium is made possible by its accu- 
mulation in an iron sludge produced in mills which 
use an organophosphate process for extraction of 
uranium. This sludge, which may contain 0.1—0.2 
percent scandium (Ross and Rosenbaum, 1962), can 
be treated by methods described by Lash and Ross 
(1961) and Ross and Schack (1965) to produce 
scandium oxide. Some scandium was produced com- 
mercially from sludge at a uranium mill in Utah, 
but recovery was discontinued after 1964. Scandium 
was recovered in Australia from Radium Hill ura- 
nium ores. Baroch (1970) stated that uranium ores 
are the best potential source of scandium, and that 
as much as 30 pounds a day could be produced from 
the domestic uranium mills, which were then using 
the acid leach and clear liquor process. 

Phosphorites are another potential source of scan- 
dium. Like the rare earths, scandium is released 
from the phosphate ore during the wet-process pro- 
duction of phosphoric acid. Altschuler, Berman, and 
Cuttitta (1967) have estimated that 16 short tons 
of scandium was available for recovery from the 
phosphoric acid produced from Florida phosphorites 
in 1964. The phosphorites represent a very large 
resource of scandium; there are possibly several 
hundreds of thousands of tons in the world’s phos- 
phate deposits (Hilertsen, 1965), but the probabil- 
ity of its recovery from this source seems remote. 

The future sources of scandium will undoubtedly 
be ores of other mineral commodities from which 
scandium can be recovered as a byproduct. This 
byproduct status thus ties the resources of scandium 
directly to those of uranium, tungsten, and phos- 
phate rock, which are discussed in separate chapters 
of this report. 


PROBLEMS FOR RESEARCH 


The scandium that is now available as a byproduct 
but not recovered is irrevocably lost. Under the 
economic conditions of 1972, it is not likely that any 
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recovery of byproduct scandium will be made unless 
the demand increases. There is, however, no reason 
why a few tons of scandium could not be produced 
annually at less than market value from raw mate- 
rials now processed in industry. Research into appli- 
cations for scandium is therefore needed to utilize, 
rather than lose, the scandium that is currently 
available. The search for concentrations of the ele- 
ment should continue, not only in natural materials, 
but also in the waste products of the mineral in- 
dustry. 
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SELENIUM 


By H. W. Lakin and D. F. Davipson 
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ABSTRACT OF CONCLUSIONS 


The present demand for selenium is less than the amount 
available as a byproduct from the copper industry. Two 
factors, however, may result in a severe shortage of selenium 
in the United States in the future. In situ leaching of copper 
from its ores leaves the associated selenium undissolved in 
the waste rock resulting from the process. Thus, as the use 
of the leaching process increases at the expense of smelting, 
the supply of selenium will decrease. A second and more im- 
portant factor is the probable increasing use of selenium as 
a soil additive to provide enough selenium in the diet of 
domestic animals to insure good health. It is anticipated 
that this use will require a minimum of 10 times the present 
annual production of selenium. 

Identified resources of copper in the United States are 
estimated to contain about 52 million pounds of recoverable 
selenium. About seven times the current annual domestic 
consumption of 1.1 million pounds of selenium is contained 
in the coal burned per year in the United States. Thus the 
most promising source for a greatly increased supply of 
selenium is as a byproduct for coal-burning powerplants. 


INTRODUCTION 


Selenium was discovered in 1817 by J. J. Berzelius 
and J. G. Gahn in a red sediment found in sulfuric 
acid prepared from the sulfur recovered from pyrite 
mined at Fahlun, Sweden. 

It is a nonmetallic element, of atomic number 34 
and atomic weight 78.96, which exists at normal 
temperatures in two crystalline forms and two 
amorphous forms. The metastable monoclinic struc- 
tural form is red, melts at 144°C, has a specific gravi- 
ty of 4.42, and changes to a hexagonal crystal struc- 
ture when heated. The stable hexagonal form is 
black, melts at 220°C, has a specific gravity of 4.82, 
and conducts electricity—the conductivity increases 
as much as a thousandfold during exposure to light. 
A black vitreous amorphous form is obtained by 
quick chilling of molten selenium. The red amorphous 
form is obtained by reduction of selenious acid to 
elemental selenium with sulfur dioxide or other re- 
ductant. It turns black on standing. 

Of the 1.1 million pounds of selenium used in the 
United States in 1968, about 40 percent was im- 
ported, principally from Canada. 


USES 


Selenium is commonly marketed as elemental 
selenium in the form of powder, pellet, and stick in 
grades varying from 97.00 to 99.99 percent selenium, 
but it is also available in pellets as very pure seleni- 
um—99.999+ percent Se. About 40 percent of the 
selenium currently consumed in the United States is 
high-purity grade (99.95-99.9 percent selenium), 
and it is used in electrostatic printing, rectifiers, 
exposure meters, photoelectric cells, and optical 
lenses. 

Nearly 30 percent of the annual consumption goes 
into the manufacture of glass, in which the selenium 
is used to eliminate the greenish tinge caused by iron 
impurities. In larger quantities selenium gives a 


U.S. GEOL. SURVEY PROF. PAPER 820 


573 


574 


desirable pink tinge to glass, and in still larger quan- 
tities yields a ruby-red glass. Although the principal 
use of selenium in flat glass is to decolorize, more 
than 100,000 pounds of selenium per year is used to 
produce ‘‘black” glass that is used as an outer sur- 
face in many modern office buildings. 

The manufacture of inorganic pigments, principal- 
ly cadmium sulfoselenide, accounts for about 14 per- 
cent of the annual consumption of selenium. These 
pigments have good light stability and heat resist- 
ance and are used in plastics, paints, enamels, inks, 
and rubber. 

The remainder of the selenium is consumed in 
many diverse applications. For example, selenium 
added to stainless steels improves their machining 
characteristics. Selenium compounds are used as vul- 
canizing agents in rubber products to promote resist- 
ance to oxidation and abrasion, and in oils to obtain 
exceptional antioxidant properties. Selenium and its 
compounds are used in many catalytic reactions in 
the preparation of drugs and hydrogenated oils. The 
element also finds use in fungicides, bactericides, 
parasiticides, herbicides, and insect repellents and in 
photographic photosensitizers, phosphorescents, and 
luminescents. A rather exhaustive listing of uses 
may be found in the materials survey by Lansche 
(1967). 

An anticipated very large demand for selenium re- 
sults from the discovery in 1957 that selenium is 
required in the nutrition of animals, including man. 
In New Zealand, the addition of selenium to soils to 
increase the selenium content of forage crops is not 
only legal but widely done. The use of selenium in 
fertilizers will probably be legalized in most coun- 
tries in the near future. 

The adverse effects on the economy caused by 

selenium deficiency are summarized by Oldfield 
(1971): 
Widespread field occurrence of white muscle disease in lambs 
and calves, myopathy of the gizzard and heart in turkeys, 
exudative diathesis in chicks, and liver necrosis in swine, 
together with depression of growth and decreased efficiency 
of feed utilization that result from selenium deficiency in 
commercial feeds, represent heavy economic losses to poultry 
and livestock producers in many part of the United States. 
Selenium deficiency diseases with resultant economic 
losses have also been reported in Canada, New Zea- 
land, Australia, Scotland, Finland, Sweden, Den- 
mark, France, Germany, Greece, Turkey, and Russia. 
At dietary levels below 0.04 ppm (parts per million) 
selenium, domestic animals suffer from selenium- 
deficiency diseases; dietary levels of 1 ppm selenium 
are completely safe; dietary levels above 4 ppm 
selenium cause domestic animals to suffer from 
selenium-toxicity diseases. 
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Selenium as sodium selenite can be added safely 
and profitably at the rate of 1-2 pounds per acre once 
every 5 years in areas where forage crops are de- 
ficient in selenium. It is estimated that 12.5 million 
pounds of selenium per year would be required to 
treat the most severely selenium deficient areas of 
the United States; this figure is based on a rate of 
application of 1.5 pounds of selenium as sodium 
selenite once every 5 years. To reach an optimum 
nutritional level of selenium in forage crops in the 
United States, 25 million pounds of selenium would 
be needed annually. This consumption would be more 
than 20 times the amount of selenium used in the 
United States in 1968. 

More selenium would probably be used in industry, 
especially in steel and glass manufacture, if the sup- 
ply and price were stable. 


GEOCHEMICAL CYCLE 


Selenium and its compounds H.Se and SeO. are 
sufficiently volatile to accompany sulfur in volcanic 
gases. It has been estimated that approximately 2 
pounds of selenium per square yard has been de- 
posited on the earth’s surface by volcanic gases. 
Through this process, selenium tends to become a 
dispersed element, but other geologic processes tend 
to concentrate it. 

Selenium associated with intrusives accompanies 
sulfur into sulfide minerals. The ionic radius of Se~? 
is 1.98 A and that of S~? is 1.84 A; thus Se~? can 
substitute for S~? in many sulfide minerals. The 
high-temperature sulfides, pyrrhotite and pentland- 
ite, have a sulfur-selenium ratio of 7,000, a value 
near that given by Goldschmidt and Strock for the 
crustal abundance estimate. In sulfide minerals from 
the mines of the Fahlun area in northern Sweden, 
the order of decreasing selenium content is galena, 
chalcopyrite, arsenopyrite, sphalerite, pyrite, and 
pyrrhotite. The order varies, however, in other areas. 
In porphyry copper ore containing 0.5 percent cop- 
per, the selenium content is 2.5 ppm. In these ores, 
copper is enriched over its crustal abundance 100 
times, but selenium is enriched only 50 times. 

In weathering, selenium and sulfur tend to be 
separated, in large part because selenium becomes 
fixed in insoluble basic ferric selenites. Only in an 
alkaline oxidizing environment is selenium oxidized 
to the soluble selenate form; sulfur, however, is even 
more readily oxidized to highly soluble sulfate and is 
carried away in surface and ground waters. As a 
result, selenium is present neither in sulfate deposits 
nor in sedimentary sulfur deposits. 

In contrast to the separation of selenium and sul- 
fur in weathering processes, the two elements travel 
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together in biological processes. Selenium replaces 
sulfur in amino acids; it is taken up by plants and 
concentrated by some species to a level which can 
produce toxic effects on animals that eat the plants 
(Lakin, 1972). 

The substitution of selenium for sulfur in bio- 
logical processes and its reduction to selenides by 
anaerobic microorganisms often leads to the presence 
of selenium in pyrite contained in black shales and 
coal. Selenium is found in pyrite in some unweath- 
ered sedimentary rocks and may be found in con- 
centrations many times its crustal abundance in 
ores rich in organic matter. Highly organic shales 
may contain as much as 1,500 ppm selenium in 
selected samples and as much as 20 ppm over ex- 
panses of thousands of miles. Phosphorites may con- 
tain as much as 300 ppm selenium and are almost 
without exception enriched above crustal abundance. 
Brimstones may contain as much as 20 ppm selenium. 
Coals of the United States average 3.3 ppm (Pillay 
and others, 1969). The selenium content of soils 
varies widely, from less than 0.1 ppm to as much as 
1,200 ppm. 

High concentrations of selenium, to about 1 per- 
cent, occur in or with sandstone-type uranium 
deposits and other similar metal deposits in sedi- 
mentary rocks. The selenium is often found in the 
form of elemental selenium and sometimes as selen- 
ide minerals. 

Relatively high concentrations (in hundreds of 
parts per million) occur in tuffs, or tuffaceous rocks, 
and concentrations of several percent are known in 
mercury and antimony deposits. 


CRUSTAL ABUNDANCE 


The abundance of selenium in the earth’s crust is 
still poorly known owing to lack of adequate data. 
Sindeeva (1964) gave a crustal abundance of 0.14 
ppm selenium for rocks of the U.S.S.R. on the basis 
of the analysis of 18 samples. Brunfelt and Steinnes 
(1967) found an average of 0.04 ppm selenium in 
eight standard rock samples provided by the U.S. 
Geological Survey. Wells (1967) reported an average 
of 0.6 ppm selenium in 20 volcanic ash samples from 
New Zealand and 0.4 ppm in lava flows. 

Goldschmidt and Strock (1935) estimated that the 
sulfur-selenium ratio in sulfides is about 6,000 and 
that the crustal abundance of sulfur is 520 ppm. 
Dividing 520 by 6,000 gave a figure of 0.09 ppm for 
the estimated crustal abundance of selenium. This 
figure was accepted until 1961 when Turekian and 
Wedepohl (1961) revised the crustal abundance of 
sulfur downward to 300 ppm and, by using the Gold- 
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schmidt and Strock ratio, obtained an estimated 
crustal abundance for selenium of 0.05 ppm. 


RESOURCES 


Selenium is obtained primarily as a byproduct of 
copper refining; 90 percent of the production in the 
United States is derived from the anode mud de- 
posited during electrolytic refining of copper. Blister 
copper contains an average of 0.05 percent selenium, 
or 1 pound of selenium per ton of copper, but actual 
recovery of selenium ranges from 0.4 to 0.75 pounds 
per ton of copper. Thus the production of selenium in 
the United States, and in most of the world, is direct- 
ly related to the production of copper. In situ leach- 
ing processes for the recovery of copper do not 
result in selenium recovery, and the increasing use 
of these processes could reduce the supply of seleni- 
um materially. Other countries with major poten- 
tial resources of selenium are those with major po- 
tential resources of copper: Chile, U.S.S.R., Zambia, 
Peru, Zaire, Canada, and Mexico (Ageton, 1970; see 
also “Copper” chapter). Minor amounts of selenium 
are recovered from lead and pyrite ores. 

Resources of selenium estimated to be potentially 
available in the identified resources of copper, lead, 
pyrite, and coal in the United States and in the rest 
of the world are shown in table 118. 


TABLE 118.—Selenium resources, in thousands of pounds, po- 
tentially available in identified resources’ of copper ores, 
lead ores, pyrite, and coal of the United States and the 
rest of the world 


United Other 


Source ? States countries 
Copper ores'* =. -=-—-- 2222 4ehe 52,000 169,000 
Weadtoresw se 22a eee See 880 2,350 
By nitemeess a eo eee 560 7,840 
(Coal see is | Ss ee as 4,740,000 23,760,000 


1]Tdentified resources: Specific, identified mineral deposits that may or 
may not be evaluated as to extent and grade, and whose contained min- 
erals may or may not be profitably recoverable with existing technology 
and economic conditions. 

2Tdentified resources from respective chapters of this volume, except 
for pyrite which is from Lewis (1970). 

* Assuming 65 percent recovery of selinum. 


In electrolytic refining of blister copper, about 65 
percent of the contained selenium is recovered from 
the slime residue. Using the ratio of 0.65 pound of 
selenium per ton of copper produced, we estimate a 
total of 52 million pounds of selenium available in 
identified copper resources of the United States, and 
169 million pounds available in identified copper 
resources of the rest of the world. 

Less than 10 percent of the present production of 
selenium is recovered from lead ores. If it is assumed 
that galena contains an average of 10 ppm selenium 
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and the world lead reserves are 140 million tons 
(see “Lead” chapter), there is a resource of seleni- 
um of 3.2 million pounds in lead ores. 

Selenium production from the burning of pyrite 
for sulfur is at present small. The world supply of 
sulfur in the form of pyrite is estimated to be 375 
million long tons (Lewis, 1970). Assuming an aver- 
age value of 10 ppm selenium in pyrite, there is a 
reserve of 8.4 million pounds of selenium contained 
in pyrite. 

The average content of selenium in coal is at least 
1.5 ppm. Coal resources in the United States are 
estimated to be 1,580,000 million tons (rounded) and 
their estimated selenium resource should be 2.37 
million tons. Thus, coal contains the major resource 
for selenium if it can be recovered. 

The average selenium content of 86 samples of 
United States coal from 20 States as given by Pillay, 
Thomas, and Kaminski (1969) was 3.36 ppm. East- 
ern coals were higher in selenium content than coals 
from west of the Mississippi River. Table 119 gives 


TABLE 119.—Seleniwm content of annual coal consumption 
at five operating and five proposed powerplants in Western 
United States 


[Data from Swanson, 1972] 


Total 
Annual Selenium selenium 
consump- content content 
Location tion of of coal of annual 
coal (parts coal con- 
(millions per sumption 
of tons) million) (pounds) 
Operating powerplants: 
Four Corners, N. Mex -_--_____ 7 2.0 28,000 
ChollawteAriz’ =_.2- #2 ea ee 4 2.3 1,800 
Mohave, Nev 6.7 1.6 21,500 
Hayden, Colo --_____ 6.25 1.2 15,000 
Naughtcn, Wyo 2.6 7 3,600 
Powerplants planned or under construction: 
San Juan, N. Mex ___ 3.5 2.2 15,400 
Navajo, Ariz —_-_____ 8.3 1.6 26.500 
Kaiparowits, Utah _- 15 1.7 51,000 
Huntington Canyon, Utah _____ 1 1.7 3,400 
dim) Bridger;) Wyo) --o-een ene 3.8 1.5 11,400 
Totall |. 233=+-2 22. 64.5 =. 177,600 
Averapey.s2coi ba. oe anes a 


the average selenium content of coal used in five 
existing powerplants and of the coals proposed for 
use in five powerplants planned or under construc- 
tion, together with the tonnages used or projected. 
The average selenium content of these coals is 1.65 
ppm. The total selenium in the 54.5 million tons of 
coal that will be burned in 1 year in these ten power- 
plants is 177,600 pounds, which amounts to one- 
sixth of the selenium used in the United States in 
1968. The estimated annual release of selenium from 
the combustion of coal in the United States is about 
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8 million pounds. The portion of this selenium that 
escapes into the atmosphere is in, or is rapidly con- 
verted to, the form of elemental selenium and is not 
available to plants or biosystems. 

Selenium is enriched in sandstone-type uranium 
ores and in phosphate rocks mined for their phos- 
phate content. Although some of these ores are rela- 
tively high in selenium, they constitute a small 
source of selenium and have not been exploited for 
selenium. 
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ABSTRACT OF CONCLUSIONS 

Silica-sand formations and the quartz sandstones from 
which silica sand and silicon are mainly derived are abund- 
antly distributed throughout the United States and the 
world. Although the use of silica-sand, principally in the 
glass and metallurgical industries, is rapidly increasing, 
shortages that might cause heavy reliance on imports are 
not likely. Problems are caused if urban development pre- 
empts the surface over valuable silica sand deposits and if 
abandoned sandpits are left in a useless condition. Urban 
planners can solve the first problem by restricting important 
sand deposits from other long-term uses, and industry can 
solve the second by contouring the disturbed surface for 
productive or recreational use. More detailed geologic in- 
vestigations in urban areas are needed to precisely delineate 
silica-sand deposits in advance of urban development. 


INTRODUCTION 


Natural sands can be composed of siliceous rock 
fragments and various silica-bearing minerals, but 
the term “silica sand” is generally understood to 
mean sand composed almost entirely of SiO, in the 
form of mineral quartz. This type of sand is also 
called special or industrial sand. Cemented silica 
sand is called quartz sandstone or quartzite. Some 


quartz sandstones can be easily broken down to their 
original state of loose sand either because they were 
never very firmly cemented or because the cement 
has been almost entirely dissolved by weathering 
processes. Sandstones softened by weathering are a 
principal source of silica sand. Silica sand can be 
made by crushing and grinding hard quartz sand- 
stones or quartzites, but the result tends to be more 
expensive than natural sands. 

Silica sand of extraordinary purity is required in 
the manufacture of clear glass and sand of moder- 
ately high purity is required in the manufacture of 
brown or green glass and in certain uses, such as 
sandblasting, glass grinding, water filtration, rail- 
road traction, and oil-well rejuvenation. Silica sand 
of moderately high purity with a natural or added 
bonding material is used in making metallurgical 
molds and furnace linings. Ground silica sand is a 
major component of ceramic ware. The use of 
siliceous raw materials as a source of metallic sili- 
con is not treated here but is discussed by Brantley 
(1970). 

The glass and metallurgical industries consume 
more than 20 million tons of silica sand per year, 
and other users consume about 10 million tons. The 
rate of consumption is increasing rapidly. 

Certain relatively expensive natural and artificial 
aluminous abrasives can be substituted for quartz 
in blasting sand and glass-grinding sand, but for 
other uses no satisfactory substitute for high-silica 
sand has been found. 

The quartz content of many impure sands can be 
raised by beneficiation—the elimination of unde- 
sirable impurities such as clay, rock fragments, and 
iron-bearing minerals. Beneficiation techniques are 
well known and to some extent are in current use. 
These include screening, washing with water, leach- 
ing with acid, flotation, and various methods that 
take advantage of differences in specific gravity 
between quartz and some of the contaminating 
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grains. The impurities in some sands are themselves 
valuable when isolated, and their sale can help pay 
for the cost of beneficiation. Among these are clay 
and zircon. 

Silica sand and sandstone are common rocks of 
worldwide distribution. Inevitably, any large coun- 
try that has a varied and representative geologic 
terrane such as the United States has a large share 
of these, and the chance that other nations will 
have deposits distinctly superior to those in the 
United States is negligibly small. Because of the 
large resources of silica-rich sand and the opportuni- 
ties for substitution and for keneficiation of low- 
grade deposits, the United States should be self- 
sufficient in silica sand for an indefinite period of 
time, notwithstanding the fact that a little silica 
sand is imported occasionally from foreign coun- 
tries. Importation is the result of very low sea 
freight rates as compared to the overland freight 
rates from domestic sources, and it does not reflect 
adversely on either the quantity or quality of do- 
mestic sands. 


EXPLOITATION 


The annual production of silica sand increased 
rapidly between the depression year 1932 and 1944, 
fluctuated around 17 million tons until 1961, and 
then shot upward. In 1970, the last year for which 
complete figures are available, production was about 
30 million tons, of which one-third was glass sand 
and one-third was molding sand (fig. 65). The cur- 
rent rate of increase is about 1 million tons per year. 


GEOLOGIC ENVIRONMENT 


High-silica sands are the products of especially 
long continued or often-repeated cycles of weather- 
ing, abrasion, and winnowing. The hardness and 
chemical inertness of quartz work in its favor to 
form a concentrated quartz sand deposit after al- 
most all other minerals have been reduced to powder 
and wafted away. The most extensive and purest 
silica sands were formed in shallow seas. Less ex- 
tensive and generally less pure deposits were formed 
as dunes along the shorelines of lakes and the sea, 
as dunes of desert regions, and as beds and flood 
plains of streams. 

Silica-sand deposits have formed in all geologic 
periods. Some of the oldest deposits, those of Pre- 
cambrian age, are very large and very pure but are 
generally too distant from markets or are too well 
cemented to compete at present with silica sand 
from other sources. Many lower Paleozoic deposits 
are uniquely widespread and pure. For example, the 


UNITED STATES MINERAL RESOURCES 


Oger penal cave are 
All silica sand*, 

243) = 
w 20 }— 
2 
(eo) 
- 
be 
o 
(e) 
oc 
7) 
ut 2 Glass, al 
a molding, 
2 grinding, 
2) blasting, 
=) furnace, 
2 traction, and 
= 10 filter sand 4 


*Comparable figures for 
the years prior to 1959 
not available. 


| | | 
1940 1950 1960 


{0} 
1930 1970 


FIGURE 65.—Production of silica sand in the United States, 
1930-70. Source of data: U.S. Bureau of Mines. 


St. Peter Sandstone and related deposits which ex- 
tend from Wisconsin and Michigan to Oklahoma, an 
area of more than 300,000 square miles, are com- 
posed principally of nearly pure quartz. The Eureka 
Quartzite and equivalent deposits which extend from 
Idaho to southern California, an area of more than 
100,000 square miles, are likewise composed of 
nearly pure quartz. Analyses of the Eureka Quartz- 
ite indicate that the silica content generally ranges 
from 95 to 99 percent. The principal commercial 
deposits of the United States are in locally dece- 
mented parts of lower Paleozoic marine sandstones. 
The process of decementation by which hard sand- 
stone is converted to weakly coherent sand is not 
well understood, but it is probably the result of local 
near-surface weathering. 

Although many silica sands deposited since early 
Paleozoic time are widespread and some are very 
pure, none of them rival those of the early Paleo- 
zoic age in extent and purity. Upper Paleozoic sand- 
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stone in the eastern interior region and upper Meso- 
zoic deposits on the east coast are exploited to some 
extent, but most outcropping silica sandstones de- 
posited in late Paleozoic and Mesozoic times are lo- 
cated in the western interior States far from indus- 
trial users and are therefore not intensively ex- 
ploited. Marine deposits and dune sands of Cenozoic 
age are important sources of silica sand along both 
east and west coasts. 


RESOURCES 


Silica sand and sandstone are among the more 
common sedimentary formations cropping out in the 
United States and, in general, their stratigraphic 
positions, extent, thicknesses, and the areas of out- 
crop are among the better known aspects of geology. 
This is true because silica-rich stratigraphic units 
generally form conspicuous outcrops, and because 
some have been investigated as possible oil reser- 
voirs or aquifers. It is unlikely that important silica 
sand and sandstone units, completely unknown pre- 
viously, remain to be discovered. Therefore, in a 
sense, almost all silica sand and sandstone units can 
be regarded as “identified” rather than as “undis- 
covered” resources. Parts of these identified re- 
sources can be allocated to the category of ‘“re- 
serves.” These parts are where certain favorable 
geologic features fortuitously have combined with 
favorable geographic circumstances to yield deposits 
workable under present economic conditions. Favor- 
able geologic features include chemical purity, uni- 
form grain size, friability, amenabiliy to beneficia- 
tion, and proximity to the surface. The favorable 
geographic circumstances are proximity to markets 
and to transportation facilities. 

Identified resources of silica sand are virtually 
inexhaustible, and reserves are very large in rela- 
tion to demand. Known deposits can satisfy national 
demands at reasonable cost for centuries. 


PROBLEMS FOR RESEARCH 


Although the United States silica-sand resources 
are so large that they are unlikely to be depleted 
by normal use, a large proportion of the most 
favorably located deposits may be precluded from 
exploitation by shortsighted public policies. 

Society’s mistakes in this respect can be either 
unconscious or deliberate—unconscious when resi- 
dential developments are allowed to spread over 
valuable sand deposits and deliberate when land- 
use laws are invoked to prohibit exploitation of 
known deposits in urban areas. The result of pre- 
clusion is not that we will run out of silica sand, 
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but that costs will increase as a result of having to 
confine mining to areas remote from industrial users 
and the ultimate consumers. 

Sand and sandstone deposits capable of yielding 
high-quality silica sand should be identified and pre- 
cisely delineated on geologic maps—especially on 
large-scale maps of urban regions. Geologic maps 
exist for many urban areas, but workable silica-sand 
deposits are specially designated on only a few of 
these. Precise location of all deposits in urban re- 
gions would permit orderly planning for the most 
beneficial use of land underlain by silica-sand de- 
posits. 

If geologic reports are to be of maximum utility 
for the identification of silica-sand deposits, they 
must include more quantitative data on the physical 
attributes of the deposits. Geologic descriptions of 
sandy stratigraphic units commonly stress only 
those features that can be seen with a hand lens or 
microscope. These include grain size, sorting, na- 
ture of the cement, proportions of constituent min- 
erals, and the roundness or angularity of the grains. 
In some reports, care is taken to measure these 
features quantitatively, but rarely do geologists 
make enough quantitative observations to permit 
descriptions of the stratigraphic and regional 
(three-dimensional) variations in these features. 
Moreover, general geologic descriptions almost 
never include important physical features such as 
coherence and the various factors involved in amen- 
ability to beneficiation. 

Much of the popular opposition to mining in ur- 
ban areas lies in the unsightly, dangerous, and use- 
less condition of mined-out areas. Methods for re- 
storing abandoned pits to esthetically acceptable 
appearance and productive or recreational use 
should be developed. Most abandoned pits soon fill 
partially with water. If the banks are sloped and 
suitably planted and maintained, these ponds can 
be converted at moderate cost to parks or recrea- 
tional and wildlife areas. 

Although the large resources of silica sand are 
capable of supporting a rapidly increasing produc- 
tion of disposable glass products (specifically, 
throwaway bottles), there are valid and pressing 
reasons for conservational practices. Wasteful con- 
sumption will lead inevitably to earlier depletion of 
nearby high-grade silica-sand deposits and earlier 
shifts by producers to more distant or lower grade 
deposits. The direct effect of these shifts will be 
higher priced glass and more damage to the land 
surface. The indirect effects will be more pollution 
in manufacture and, ultimately, more problems in 
disposing of the product after use. 
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ABSTRACT OF CONCLUSIONS 


Silver is a major industrial metal in which a major world- 
wide imbalance of more than 100 million ounces per year 
exists between production and consumption. The silver used 
in photography alone in the United States is greater than 
our annual production, and most of this silver is not re- 
covered for reuse. The deficit between domestic production 
and consumption formerly was partly filled by withdrawal 
from the U.S. Treasury silver reserves, but these reserves 
are now depleted. During the next decade this deficit must 
be filled by liquidation of private holdings, reclaimed silver, 
imports, inereasing new production, or by use of substitutes 
for silver. 

Identified resources of silver in the United States comprise 
an estimated 1,440 million troy ounces economically recover- 
able at present prices (reserves) and an estimated 750 mil- 
lion ounces in material nearly commercial in grade (condi- 
tional resources). Other conditional resources that might be- 
come recoverable at significantly higher prices are roughly 
estimated to be of about the same magnitude as the present 
reserves. Only about 35 percent of the identified resources is 
in deposits that would yield silver as the main product; the 
remaining 65 percent would be recovered as a byproduct 
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of mining copper, lead, zinc, and gold deposits, and its pro- 
duction is thus largely dependent on the production of these 
metals. For this reason, the imbalance between domestic 
production and consumption of silver is markedly increased 
by the permanent closure of one-third of our domestic lead 
and zinc smelters. 

Silver production could be increased by the discovery and 
development of new silver resources. Among the better pos- 
sibilities are several kinds of copper-silver deposits such as 
the northern Idaho-Montana disseminated copper deposits, 
new porphyry copper deposits, and massive copper-zinc sul- 
fides. Increased prices would encourage development of po- 
tential resources in low-grade disseminated silver and copper- 
silver sandstone deposits and in copper shales, would en- 
courage the reopening of silver-kearing native copper de- 
posits in Michigan, and would encourage the search for man- 
ganese-silver and other epithermal silver deposits which 
could help fill the short-term gap. New environmentally 
clean smelters and wet recevery methods are needed and 
must be developed and built as quickly as possible. 


INTRODUCTION 


Silver is a critical element in our national economy, 
and one in which our nation and the free world are 
confronted with a long-range problem of serious 
imbalance between consumption and new production. 
Silver is comparatively rare in the earth’s crust, 
being the 67th element in order of natural abun- 
dance, but minerals containing it occur in small 
quantities widely distributed throughout the world 
in many different types of deposits. The physical 
properties of silver make it desirable for a wide 
range of uses for which adequate low-cost substi- 
tutes are very difficult to find. It is exceptionally 
ductile and malleable, it has the highest electrical 
and thermal conductivity of all metals, its com- 
pounds are extremely photosensitive, and it is stable 
in air and water except for tarnishing readily when 
exposed to sulfur compounds. 

Silver was one of the first metals known to man, 
and was used for ornaments and utensils made from 
native silver as early as 3000-2500 B.C. (Ageton, 
1970, p. 723). It has been used as a precious metal 
and as a monetary medium and basis of wealth for 
more than 2,000 years. It was used extensively for 
coinage until the late 1960’s when such use was dis- 
continued by the United States and most other 
countries, except for commemorative coins, because 
of the serious imbalance between consumption and 
new production. The principal uses of silver are 
listed in table 120. 

Annual mine production of silver in the United 
States in recent years has been a fairly stable 32-43 
million troy ounces of recoverable silver (Hoyt, 1971, 
p. 1006). In 1969 almost 42 million ounces was pro- 
duced, which was valued at more than $75 million, 
an average price of $1.79 per troy ounce (Hoyt, 
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TABLE 120.—Principal uses of silver 
[Data trom U.S. Bur. Mines (1970, p. 1007) ] 


Percentage 

Bhotogpraphicsmaterial se 
Electrical and electronic products __________ 22 
Sterling’ ware (22a. ee ae eee 20 
Mlectroplateduawanew =e 10 
iBraziney wares! 2 Ss see re Je oe eee 10 
Other, including dental and medical products, 

catalysts, bearings, and jewelry ________ 9 


1971, p. 997). Since then the price had decreased 
markedly, but by October 1972 had risen to $1.80 
per troy ounce. Table 121 gives the mine production 


TABLE 121.—Mine production, in troy ounces, of recoverable 
silver, 1965 and 1969, in the United States, by States 
[From U.S. Bur. Mines (1970, v, I-II, p. 1006) ] 


State 1965 1969 

AlSc ca eae ies See aa 7,673 2,030 
Arizona; )222c= 22> See 6,095,285 6,141,022 
Califonniaye =e 196,787 491,927 
Colorado) == 2,051,105 2,598,563 
Idaho), 2322s s tae eee 18,456,809 18,929,697 
Kentucky: 23222222222 555 19381  - jee 
Maine, 2-5 ==. 22 2 eee + 319,718 
Michigankees== =e ee 457,851 1,009,022 
Missouri, (=-2 === -o ones een 299,522 1,442,090 
Montanavs=s8ee2-4seeeus es 5,207,031 3,429,314 
IN@Vad agen eae eee 507,113 884,155 
New Mexico =o seas 287,472 465,591 
News Viorks === ese 11,441 31,755 
Oklahomay== === ? 358,477 *) 
Oregon: Heeak2 eae ek eee 8,801 4,749 
Penn's ylvanii ae (*) (¢) 
SoutheDakotag= == 128,971 124,497 
Tennessee: = ===. =~ =.= 94,142 78,614 
UWitahy 1- Sao secon aoa e eee 5,635,570 5,953,567 
Wiia's hin oto nn @) (C) 
\isnorbaye 52 C) 

Nor ieee eee ee ee te 39,806,033 41,906,311 


1 Production of Maine, Oklahoma, Pennsylvania, Washington, and 
Wyoming combined to avoid disclosing individual company-confidential 
data. 

2 Production of Oklahoma, Pennsylvania, and Washington combined to 
avoid disclosing individual company-confidential data. 


of recoverable silver for 1969 in the United States. 
By far the most important silver-producing State is 
Idaho—mostly from the Coeur d’Alene district— 
followed by Arizona, Utah, Montana, Colorado, then 
by the two midwestern States of Missouri and Michi- 
gan which have markedly increased their production. 
Michigan and Missouri now produce more silver per 
year than several western “silver” States such as 
Nevada, New Mexico, South Dakota, and California. 
Idaho production for 1972 was seriously reduced as 
a result of the May 1972 fire in the Sunshine mine. 

The world production of silver in 1969 is given in 
table 122. The largest producers of silver were 
Mexico, mostly from epithermal veins and replace- 
ment deposits, and Canada, where the probable larg- 
est single source of silver is the Kidd Creek massive 
sulfide zinc-copper-silver mine at Timmins, Ontario, 
which has produced between 12 and 14 million troy 
ounces per year since 1968. 
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TABLE 122.—Preliminary report of world mine production of 
silver, 1969, by countries * 


[Data from U.S. Bur. Mines (1970, p. 1010). The letter “‘e” preceding 
figures indicates estimated] 


Silver 
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TABLE 122.—Preliminary report of world mine production of 
silver, 1969, by countries "—Continued 


Silver 
(thousand 
Country 2 troy ounces) 
Asia: 

IBUTMa ee ae 2 ae ks ee se eee e 1,000 
Chin'asyemain) arid eee e 860 
india ee = ee _ Sane ee 127 
Indonesia, Ss o22- 5 = ee a ee 316 
Japan aisesea=n aes se eos ae ease eee 10,804 

Korea: 
INGrthie soo Seaesa os ees sete ss e 700 
SOU wee s= a2 sesoe ee ccc oeee eek eou eee 906 
Philippines}}2==22=2. .222ss0 2 eee 1,561 
salwan, see a eS eee 81 

Oceania: 

Australiat 222e=— 5-250). ste ee ae 24,667 
Mili: = aeeiee bat eee Soe Seo eu ae eelses 38 
New Guinea and Papua —-_-----------_-_-- 17 
New? Zealand: 22022 Ait Sib jhe ee ee 7 
Motalle ee = eae o sel oe eee 288,601 


1 Recoverable content of ores and concentrates produced unless other- 
wise noted. 

2 Silver is also produced in Bulgaria, Guatemala, Hungary, New Zea- 
land, Thailand, Turkey. and Southern Rhodesia and in several other 
African countries. Quantities are insignificant or not reported. 

3 Smelter and (or) refinery production. 

4 Recoverable content of Tsumeb Corp. Ltd. concentrates, as reported 
for year ending June 30. 

5 Includes recovery from copper refinery sludges. 

® Total is of listed figures only. 


Domestic production of silver in 1969 was about 
42 million ounces, but industrial use during the same 
period was about 142 million ounces, leaving a 
deficit of 100 million ounces; the free world deficit 
was 124 million ounces (table 123). The marked 
deficiency of new supplies of silver compared to in- 
creased industrial demand, which has nearly doubled 
for the free world since 1958, has caused major 
changes in patterns of usage and has forced in- 
creases in the price of silver. Until 1971, the deficit 


(thousand 
Country 2 troy ounces) 
North and Central America: 
Canadage a: - 222. S22 ee ae Se ee 41,929 
Hisitives 2 tee ote Bet eee a eee eee e A 
Honduras) 220 east) ems sine) 2S. Beets 3,905 
IMGsICOm == he oe ee a ee ee eee 42,904 
INicaraguaten = -2-= so. =~ =e eae aaa ease 247 
Wnited! (States: -.-.--- - 22-2 222522) Sse t 41,906 
South America: 
LATHER) oth balk ieee ee ee ee ae 2,820 
Boliviiarts =. 0s ues Set ee Bk 6,013 
Brazil et goon a eS ee eens 357 
Chilepe a a. ee oe eee 3,133 
Colombia? 22 =. este So Se 17 
CU ad On) Hate oa eee te Seen ete 82 
er ee es seems es 34,147 
Europe: 
AUS riage oeee! =. eee ea 129 
@zechoslovakia —.—=2-=2— =.= 22 =-__ = e 1,100 
Bin ary) yee ee es ee ees ee 625 
France (mine output) ~------------------_ 2,000 
Germany: 
ast yee ee eee See Le e 4,800 
IWeest; (2. Soe. Sesto ae lees e 2,000 
Greet eye aee sae ee Sa ee a ee 258 
ireland (mine) output) ees) e 1,866 
Italy one Wk Mend iricd Wile atl vose eo 1,832 
lekanel: 32 ae eee ee ee ee e 165 
Portugal (mine output) ------_-_---_----- 339 
Rumania cee ss See ee _ tees e 800 
SPalnyeee wee Sar eee ak gs eee ek e 1,700 
Sweden (mine output) _-------_-__-__---- 3,683 
WA SESHR a 2 ae 2 ou ek ek ee) Ee e 87,000 
Wucoslaviat 2. Asse one JESS eae es 3,456 
Africa: 
A penias tree cite 8 Deh See ee ee e 100 
Congo (Kinshasa) ---------------------- e 1,896 
Ghana ee re ee ee ee 3 
Keny aaa eee 2. Mises Sy. CG Am _ ot 2 
IMOnoccon= {22a8s i hess ee) sees Ss oee eS Se 861 
South Africa, Republic of _---_----------- 3,335 
South-West Africa, Territory of‘ --------- 1,273 
Ranzaniage ee ee elas phen ofS uy hed 2 
MUN ISI Awe =e = ene Se ee e AT 
LAGE BTN pa ra e 768 


in the new supply was balanced by withdrawal of 
silver stocks from the U.S. Treasury and from sev- 


TABLE 123.—Estimated free-world silver consumption and new mine production, 1949-70 * 


[Millions of fine troy ounces.From: U.S. Treasury Department staff study of silver and coinage, 1965; 1970 Yearbook of the American Bur. Metal Sta- 
tistics; and U.S. Bur. Mines (1950-71) J 


Consumption in Consumption Total New mine 
arts and industry in coinage consumption production ee 
Period or year Free surplus 
Total world Total Total or deficit 
USA free USA except- USA free USA free excluding 
world ing USA world world coinage 
1949-52 (average)  ---_---------- 101.1 153.1 36.5 48.2 187.6 237.8 38.8 173.9 + 20.8 
1953-57 (average) -------------- 97.8 190.1 37.5 36.0 135.3 263.6 37.7 191.0 + 0.9 
IGG): A333 85.5 190.5 38.2 41.3 123.7 270.0 34.1 205.8 + 15.3 
Ob OR eee a ene eee 101.0 212.9 41.4 45.0 142.4 299.3 31.2 188.4 — 24.5 
LOGO fe See Se Se ees elise] 102.0 224.6 46.0 57.9 148.0 328.5 30.8 206.9 = We 
NO Ge es See Ss Sosa eo 105.5 239.5 55.9 81.2 161.4 376.6 34.8 203.0 — 36.5 
G2 Ree ee eS eee Se eae 110.4 247.8 T7.4 50.2 187.8 375.4 36.8 206.9 — 40.9 
NO Gower. sees eer = eee tie se so 110.0 252.2 111.5 55.5 221.5 419.2 35.2 213.8 — 38.4 
9G Agee se a ee ee 123.0 285.9 203.0 61.5 326.0 550.4 36.3 215.5 = 104! 
OGb rt Seen ee See Sees Seles 137.0 336.0 320.3 60.8 457.3 TAU T 39.0 214.8 —121.8 
OGG Test Joes Be ee ee ks 150.0 355.1 53.8 75.1 203.8 484.6 42.5 222.2 —132.9 
HOG ip eee ee Se et 145.0 346.8 43.9 61.4 188.9 452.1 31.0 212.8 —134.0 
NOG Shwe naoe a er a eae ee nee 145.0 349.6 37.0 52.3 182.0 438.9 31.7 223.8 —125.8 
OGG! eee eek bee eek 142.0 364.4 19.4 36.3 161.4 420.1 42.1 240.3 —124.1 
OO as eee See 135.0 357.6 7 39.6 135.7 397.9 44.1 254.0 —103.0 
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eral varieties of hoarded and reclaimed silver. The 
U.S. Treasury stocks totaled 2.1 billion ounces in 
1958, but have since been depleted by transfer to 
stockpile, redemption of silver certificates, and sales. 
This depletion of Treasury silver stocks has in- 
creased our dependence upon newly mined silver, 
liquidation of private holdings of silver, and re- 
claimed silver. Much of the hoarded silver is in coins 
that have much greater value to coin collectors and 
speculators than their metal content, unless the price 
of silver markedly increases. The supply gap of 
newly mined silver to silver consumption is world- 
wide, not just domestic, and a large increase in 
reclaimed silver, release of hoarded silver, and in 
silver substitutes will be necessary to fill the ex- 
pected gap within the next decade unless new silver 
resources are developed. To emphasize current silver 
needs, the present annual consumption of silver in 
photography alone is 10 million troy ounces greater 
than the domestic production prior to the recent 
decline in mining of western silver-lead ores. Even 
assuming an increasing replacement of silver by 
substitutes in the next 30 years, our needs for pho- 
tography alone will probably increase by 214 times 
by the year 2000, to more than 100 million troy 
ounces per year (Ageton, 1970, p. 734). 


EXPLOITATION 


Silver has become a major industrial metal and is 
widely used in the arts. Figure 66 shows the annual 
U.S. production, consumption, and average price 
from 1860 to 1972. The more-than 100 million ounces 
per year gap between U.S. production and consump- 
tion is apparent even after the main use of silver for 
coinage ceased. A smaller but similar gap exists be- 
tween world production and consumption. 


GEOLOGIC ENVIRONMENT 
GEOCHEMISTRY 


Silver is a chalcophile element; that is, it will 
combine with sulfur or related anions rather than 
form silicate minerals. It has a valence of +1 and 
an ionic radius of Ag+ 1.13 A. Thus silver is similar 
in size and valence to copper (Cut, 0.96 A) and may 
substitute for it in various minerals. 

The crustal abundance of silver estimated to be 
0.07 ppm (parts per million) (Vinogradov, 1962). It 
is most abundant in basalt (0.1 ppm) and igneous 
rocks of intermediate composition (andesite and 
diorite, 0.07 ppm), and slightly less in ultramafic 
rocks (0.05 ppm) and felsic granites (0.05 ppm). Ore 
deposits in which silver is mined as a major com- 
ponent are most often associated with igneous rocks 
of intermediate composition. The silver-lead lime- 
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stone replacement deposits that occur so extensively 
in the Western United States are localized near in- 
trusive bodies of quartz monzonite and granodiorite. 
The rich epithermal silver deposits such as Tonopah 
and Comstock in Nevada are associated with andesite 
flows and shallow intrusives or with rhyolite, and 
the rich silver-cobalt ores at Cobalt, Ontario, and 
the silver ores at Gowganda, Ontario, and Kongs- 
berg, Norway, are spatially and probably genetically 
related to diabase intrusives. 

Of the world’s total production of silver, about 
75 percent is a byproduct or coproduct of base-metal 
ores. In base-metal ores, silver generally has an 
affinity for galena > chalcopyrite > sphalerite, and 
the fractionation of silver between coexisting galena 
and sphalerite ranges from 50:1 to 100:1. Galena is 
commonly highly argentiferous. Electron micro- 
probe work on Darwin, Calif., galenas by G. K. 
Czamanske (oral commun., 1972) indicates approxi- 
mately 0.2 percent (about 60 troy ounces per short 
ton) can be present in galena with no microinclu- 
sions. Experimental studies at elevated temperatures 
have shown complete solid solutions in the systems 
AgSbS.-2PbS (miargyrite-galena), AgBiS.—2PbS 
(matildite-galena), and AgBiS.—-AgMiSe, (matildite- 
selenium analog) (Wernick, 1960; Van Hook, 1960). 
Natural galenas from Darwin, Calif., have been 
analyzed that contained as much as 3.79 percent 
silver and 7.86 percent bismuth (Hall, 1971, p. 122). 
Ag+ and Sb'+ or Bi?+ thus may form a coupled sub- 
stitution for 2Pb?+ in galena at the elevated tem- 
peratures of formation of mesothermal ore deposits 
(about 350°C). Malakhov (1969) tabulated the anti- 
mony and bismuth contents of 204 galenas and 
found that low Sb:Bi ratios are characteristic of 
high-temperature galena and that high ratios of 
Sb:Bi are characteristic of low-temperature galena. 

In a few lead-zine deposits, silver is concentrated 
in sphalerite rather than galena. In the southeast 
Missouri lead belt, sphalerite contains as much as 
45 ounces of silver per ton, probably in solid solution 
with sphalerite, whereas galena contains about 1 
ounce of silver per ton (Hall and Heyl, 1968; Taylor 
and Radtke, 1969). The geochemical controls for the 
rare concentration of silver in sphalerite rather than 
galena are not yet understood. 

Silver commonly is greatly enriched in the zone 
of oxidation, over that in the primary ore, which 
accounts for many of the shallow bonanza silver 
deposits that were mined during the latter part of 
the last century. Only a small part of the primary 
ore in these deposits was economically minable. 
Morris and Lovering (1952, p. 698) found at the 
Tintic Standard mine (Utah) that silver migrates 
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Comstock lode, Nevada, discovered ; 
Authorization for coinage of silver dollars; 
U.S. Treasury act to purchase silver; 
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Tonopah, Nevada, discovered; 
Production began from porphyry copper deposits; 
Peak from early silver and silver-gold mines and coinage demand of World War I allies; 
Heavy Chinese buying; 
Treasury began purchasing silver as monetary backing. Development Silver Belt, Idaho; 


World War II; 

Treasury began withdrawal of bullion reserve; 

Cessation use of silver for coinage; 

U.S. Treasury directed to purchase domestic silver at 90%c and authorized to sell at 91c; 
U.S. Treasury sales stabilizes price at 91c; 

Cessation of U.S. Treasury sales; 

Exhaustion of U.S. Treasury bullion reserve. Modified from McKnight (unpub. data, 1962). 
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no more than several feet in limestone and dolomite 
host rocks but that it is as mobile as zine in unreac- 
tive host rocks such as quartzite and shale. In oxi- 
dized lead-silver limestone replacement deposits 
silver commonly occurs as cerargyrite (AgCl), em- 
bolite (AgClBr), native silver, sooty argentite 
(Ag.S) or acanthite (SAg.S), the ruby silvers 
(proustite, pyrargyrite), silver-bearing lead sulfate, 
argentian plumbojarosite, argentiferous anglesite, 
silver-bearing lead carbonate (argentiferous cerus- 
site), various hydrous argentiferous lead-manganese 
oxides (for example, argentian todorokite), and sil- 
ver sulfide minerals or sulfosalts precipitated by 
reaction of silver-bearing solutions with primary sul- 
fide minerals. This supergene enriched ore may carry 
hundreds or thousands of ounces of silver per ton 
of ore, but one will be disappointed if one expects 
such values to continue downward into the primary 
ore. 


MINERALOGY 


There are few active mines in the United States 
whose principal product is silver. Most silver is 
obtained as a byproduct or coproduct from ores of 
copper, lead, zinc, gold, manganese, cobalt, nickel, 
or uranium. There are, however, all gradations from 
deposits that are mined chiefly for silver to those 
in which silver is a minor byproduct. 

The principal silver minerals are as follows: 


Native elements and alloys: 


Rect (Ag, Au) 
Silvery see ee Ag 
Carbonate: 


Cerussite ___PbCo;, commonly silver-bearing 
Sulfides, sulfosalts, selenides, and tellurides: 


PNG OTHE ee ee PoAgsb;S. 
Acanthites====——— == BAgeS 
Avoentite. 22222. 32a Ag.sS 
IDiaphoriteq ea Pb, Ag.,Sb39s3 
IDV SChASICC eae Ag.Sb 
Hizelyate, == 32 =>ea ae Pb;Ag2SbsSis 
Galena (argentiferous) _(Pb,Ag)S 
TVCSSite ues ara ah ene ee Ag.Te 
Matildite =< 22-22-52 32= AgBiS, 
Mianesyit C= Agsbs, 
Naumann ite Ag.Se 
Pearceite2. 2.2525 see AgicAS2Si1 

IR ObZit epee es oh a ee ee Ag.AuTe, 
PROMISES tao (Ag,Cu) 16Sb2S14 
Rolybasitee= === Ag. Ass; 

IPA EIRAVON® 2 oo Ag.SbS; 
Stephanites 252-2 Ag;SbS, 
Stromeyerite _________-_ CuAgs 


Sylvanite 
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Tennantite (argenti- 


ferous)) .22--2 ono (Cu,Fe,Ag) »AsiSi5 
Tetrahedrite (argenti- 
HETOUS) one ee eee (Cu,Fe,Ag) iSb:S.5 
Halides: 
IsROMMENAS AgBr 
Cerargyrite ______-___-_ AgCl 
Hmbolite.s22- "2. Ag (Cl,Br) 
Todyrite, eee eee AglI 
Oxides: 
Aurorite __(Ag.Ba,Ca,Pb,K,CuMnt?) Mnt4O, 
°3H.O 
Argentian 
todoro- 
kite ____(Ag.K.Ca,Ba,Na,Cu,Pb) Mn*+O, 
°5H.O 


Silver-bearing lead-manganese oxides 
Sulfates: 

Anglesite ___PbSo;, commonly silver-bearing 
Argentian 

plumbo- 

jarosite __(Pb,Ag) Fe,(SO.).(OH).. 
Argento- 

jarosite __Ag.Fe,(SO,).(OH).2 

Where silver is a byproduct or coproduct it may 
occur either as discrete silver minerals or it may 
substitute for other metals in minerals of base- 
metal ores. Argentiferous tetrahedrite and tennan- 
tite are exceptionally rich in silver in some base- 
metal deposits, and either one may be the economi- 
cally important ore mineral. In many lead-silver de- 
posits, silver occurs in tiny inclusions of argentite, 
tetrahedrite, tennantite, or other silver-antimony or 
silver-bismuth sulfosalts in argentian galena. Silver 
may also occur in solid solution in galena. Some 
galena may be relatively free of silver but accom- 
panied by siiver-rich sphalerite, chalcopyrite, and 
pyrite as in the southeast Missouri lead district 
(Hall and Heyl, 1968, p. 666). Some sphalerite en- 
riched in silver contains inclusions of argentian 
tennantite. 

Most newly mined gold contains some alloyed 
silver, the quantity ranging from a trace to as much 
as 60 percent. Gold from the Mother Lode Belt of 
California commonly contains 10-20 percent silver; 
that from the Homestake mine in South Dakota an 
average of 20 percent. The epithermal precious- 
metal deposits commonly contain the highest pro- 
portion of silver to gold, such as in the Comstock 
Lode of Nevada. 

Placer gold contains less silver than the gold in 
the lode from which it was derived. Placer gold in 
California commonly contains 2-7 percent silver, as 
much as an order of magnitude less than that in the 


SILVER 


lodes from which it was derived. The difference has 
generally been explained as loss of silver during 
weathering, but Mertie (1940) suggested that in 
part it may be due to a primary difference between 
the gold in deep-seated parts of the lode and that 
in the apical part from which the placer gold was 
derived. 

In addition to silver alloyed with gold, appreciable 
quantities of silver minerals occur in many gold 
deposits. Such primary gold deposits grade in many 
places into predominantly silver deposits, with an 
increase in silver-bearing minerals such as native 
silver, tetrahedrite, tennantite, argentite, hessite, 
pearceite, polybasite, pyrargyrite, proustite, and 
argentian galena. 

Hypogene manganese-silver deposits are widely 
known. Most commonly they are silver-lead sulfide 
deposits with associated manganosiderite, such as 
at Leadville, Colo., or with associated rhodochrosite, 
such as at Phillipsburg, Mont. D. F. Hewett and his 
associates recently recognized another type of hypo- 
gene manganese-silver deposit, which consists of 
black silver- and manganese-bearing calcite or of 
silver-bearing manganese oxides (Hewett, 1964, 
1968; Hewett and others, 1963; Hewett and Radtke, 
1967; Radtke and others, 1967; and Smith, 1970). 
In the black ecalcites, the silver is in intergrowths 
and inclusions of argentian chalcophanite (aurorite), 
argentian todorokite, and silver-bearing lead-manga- 
nese oxides. The deposits on Treasure Hill, Hamilton, 
Nev., have this mineralogy. 


TYPES OF DEPOSITS 


Types of silver deposits are described here under 
two broad categories: mineral deposits with by- 
product and coproduct silver and mineral deposits 
with silver as a major constituent. Most of the free 
world’s silver comes from deposits of the first cate- 
gory. 

BYPRODUCT SILVER 

Silver is an important byproduct in (1) porphyry 
copper deposits, (2) copper-zinc-lead replacement 
deposits and vein clusters, and (3) massive sulfide 
deposits; these three types of deposits account for 
29 percent of domestic and 20 percent of Canadian 
silver production. Other types of deposits in which 
silver is important as a byproduct are (4) lead-zine 
replacement deposits, (5) Mississippi Valley- and 
Alpine-type lead, zinc, and fluorspar deposits and 
related deposits, (6) copper deposits in sandstones 
and shales, (7) native copper deposits, (8) gold de- 
posits in veins, conglomerates, and placers, and (9) 
nickel and magnetite deposits. 
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These deposits are discussed in this chapter pri- 
marily insofar as they relate to production and 
resources of silver; for more detailed information 
the reader is referred to the respective chapters on 
copper, zinc, lead, and gold. 


PORPHYRY COPPER DEPOSITS 


Porphyry copper deposits are a major source of 
silver in the United States and supply approximately 
20 percent of the domestic production. They are an 
important source of silver in Chile and to a lesser 
extent in northern Mexico. Porphyry copper de- 
posits originally were defined as disseminated cop- 
per mineralization in felsic porphyritic intrusive 
bodies, but the term has been broadened generally 
to include all large, low-grade epigenetic hypogene 
copper, copper-molybdenum, and molybdenum de- 
posits that can be mass-mined (Titley and Hicks, 
1966; see also chapter on “‘Copper”). Although the 
percentage of silver in the ore is very low—about 
0.01—0.1 ounce of silver per ton of ore—the total 
amount of silver that is recovered is very significant 
because of the vast tonnages mined. The porphyry 
molybdenum deposits, on the other hand, are vir- 
tually free of silver except for trace amounts. Dur- 
ing 1970, the Bingham open-pit mine in Utah, a 
copper-molybdenum deposit, was the fifth largest 
silver producer in the United States, with an output 
of 2.6 million ounces of silver from 40 million tons 
of ore, or 0.065 of an ounce of silver recovered per 
ton of ore (Lindstrom, 1971). Arizona contains the 
largest known concentration of porphyry copper 
deposits. Fourteen such deposits average 0.06 of an 
ounce of silver recovered per ton of ore (8 ounces 
of silver per ton of copper). Known “predicted” re- 
sources of porphyry copper deposits in Arizona are 
estimated to be 80 million tons of copper (A. F. 
Shride, oral commun., 1972) from which an esti- 
mated 640 million ounces of silver can be recovered. 

In recent years, porphyry copper deposits that con- 
tain silver have been found in Puerto Rico; in Maine 
near Jackman, along the Quebec border; in British 
Columbia; and in Panama. The deposits in Puerto 
Rico are relatively lean in silver and contain only a 
few parts per million of silver per ton of ore (D. P. 
Cox, oral commun., 1972). Most are not yet being 
mined. Porphyry copper deposits and copper-molyb- 
denum deposits are now in production in British 
Columbia. Porphyry copper deposits in Chile annu- 
ally yield about 314 million troy ounces of silver. 
Similar deposits in Peru also produce silver. The 
newly discovered porphyry copper deposits in Irian, 
Bougainville, New Guinea, and Iran will probably 
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constitute important new silver sources in the 
future. 

Few porphyry copper deposits are known in Asia 
and Africa, and none are known or developed in 
Europe. Extensive low-grade porphyry copper de- 
posits in the Balkhash-Kourmadskiy area of the 
eastern part of the U.S.S.R. contain silver, but only 
the shallow enriched zones are productive at pres- 
ent. A small but rich porphyry-type copper deposit 
is being mined in syenitic rocks and carbonatite at 
Palabora, northeast Transvaal, Republic of South 


Africa. 


COPPER-ZINC-LEAD REPLACEMENT DEPOSITS 
AND VEIN CLUSTERS 

Silver is an important byproduct or coproduct of 
some copper-zine-lead replacement deposits such as 
at Butte, Mont., and in the Johnson Camp, Turquoise, 
Banner, and Superior districts, Arizona. In these, 
the copper generally is in a central zone which is 
surrounded by low-temperature zones of galena and 
sphalerite. At Butte, a peripheral zone contains 
manganese. Silver is enriched in the peripheral zones 
compared with the central copper zone. The ore 
bodies may be veins; irregular, pipe-shaped, or 
bedded replacements; or stockworks. The predomi- 
nant primary copper mineral is chalcopyrite, al- 
though bornite, chalcocite, covellite, djurleite, and 
enargite are important minerals at Butte. 

Butte yielded more than 644 million ounces of 
silver between 1880 and 1964—the second largest 
producer of silver, after Coeur d’Alene, in the United 
States. The ore occurs in veins within the Boulder 
batholith, with a central zone of copper deposits, an 
intermediate zone of copper-zine deposits, and a 
peripheral zone with zinc, lead, silver, and man- 
ganese deposits (Meyer and others, 1968). Total 
production of silver at Butte has averaged about 2 
ounces per ton of ore mined, about half of which is 
from the central Berkeley Copper Pit, the remainder 
from the outer part of the intermediate zone or 
from the silver-rich copper-zinc-lead peripheral zone. 
Total production at Butte has averaged about 1 
ounce of silver for each percent copper, and current 
production is about 0.3 of an ounce of silver for 
each percent copper (Meyer and others, 1968, p. 
1376). 

The copper and copper-zine replacement deposits 
in Arizona are mainly in limestone or altered lime- 
stone host rock near granitic intrusive bodies. The 
Magma mine has consistently produced 300,000 to 
1 million ounces of silver annually from ore that 
has averaged 1.93 ounces per ton (Hammer and 
Peterson, 1968, p. 1286), largely from the steep, 
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east-striking Magma vein. This vein has been de- 
veloped over a strike length of 10,000 feet and to a 
depth of 4,900 feet. 

The Kennecott copper mine in the Copper River 
region, Alaska, produced about 12 million ounces of 
silver during almost continuous operation from 1911 
to 1938. The copper ores, which contained 14 to 16 
ounces of silver per ton, occurred in replacement 
veins, in irregular massive replacements, and in 
stockworks in partly dolomitic beds in the Chitistone 
Limestone of Triassic age, which overlies thick 
copper-bearing basalts. The copper and silver was 
mainly in chalcocite and covellite (Bateman and 
McLaughlin, 1932). 

At Gilman, Colo., copper-silver-gold ores fill frac- 
tures, coat vugs, and replace early massive pyrite 
bodies in chimneys at the lower end of mantos. The 
ores average 3.5 percent copper, 18.7 ounces of 
silver, 0.08 of an ounce of gold per ton. 

In the southern part of the Tintic district in 
Utah, copper-silver-zinc-lead deposits include fissure 
veins and wallrock replacements of enargite, spha- 
lerite, and silver minerals near Silver City, and the 
great replacement pipes and mantos of copper- 
arsenic-silver ores in the southern parts of the 
Mammoth mine. 

In the Eastern United States, ores of this type 
are uncommon, and but few are known. The Barrett 
prospect, East Pembroke, Maine, is a stockwork of 
copper-zine-silver ore in metavolcanic rocks. In the 
Linganore district of the Maryland Piedmont, chal- 
copyrite and bornite containing some silver, and 
locally argentian galena and sphalerite, are in veins 
and replace marble along contacts with metavol- 
canics. 


MASSIVE SUFIDE DEPOSITS 


The term ‘massive sulfide” as used here follows 
the definition of Anderson and Creasey (1958, p. 
96) : “ * * * deposits consisting of a granular aggre- 
gate of sulfide minerals such as pyrite, chalcopyrite, 
sphalerite, and galena, with little or no visible 
gangue minerals.” Many contain pyrrhotite, mag- 
netite, arsenopyrite, tetrahedrite, and barite, and 
many contain silver and gold as important byprod- 
ucts. The geology and genesis of massive sulfides 
related to volcanic belts has been discussed by An- 
derson (1969), and is summarized in the “Copper” 
chapter of this volume. 

Massive sulfide deposits are of tremendous world- 
wide commercial importance as sources of silver and 
base metals in Canada, Japan, Ireland, Cyprus, Au- 
stralia, U.S.S.R., Spain, Sweden, Philippines, Turkey, 
West Germany, and Norway. Some of the largest 
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productive mines in North America that supply 
silver as a byproduct are massive sulfide deposits. 
They are abundant in the following regions: (1) 
The Appalachian region of the United States and 
Canada (Bathurst, New Brunswick; Buchans and 
Tilt Cove, Newfoundland; Maine and Vermont; 
Ducktown, Tenn.) (Kinkel, 1967; Heyl and Bozion, 
1971); (2) the Precambrian Shield of eastern and 
central Canada (Kidd Creek, Timmins, Ont.; No- 
randa, Quebec), including the Adirondack uplift in 
New York and the Wisconsin dome in Wisconsin and 
Michigan; (3) the Pacific coast region of California 
(Kinkel and Hall, 1952), British Columbia, and 
Alaska; and (4) the Basin and Range province and 
Rocky Mountains (Iron King, Bagdad, and Jerome, 
Ariz. (Anderson, 1969), Pecos, N. Mex., and the 
Sedalia mine, Colorado). 

At the United Verde mine, Jerome, Ariz., 57 mil- 
lion ounces of silver was recovered between 1883 
and 1952 (Anderson and Creasey, 1958, p. 101). This 
represents 214 ounces of silver per ton of ore, or 31 
ounces of silver per ton of copper. The Iron Moun- 
tain mine, in the West Shasta district, California, 
was first mined for silver in the gossan, which 
locally averaged about 8 ounces of silver per ton of 
ore; the primary ore contained less than 1 ounce of 
silver per ton (Kinkel and Albers, 1951, p. 8). The 
massive sulfide deposits with substantial amounts 
of sphalerite and galena carry more silver than the 
pyrite-chalcopyrite ore. At the Iron King mine, 
Arizona, the ore averaged 4 ounces of silver, 2.2 
percent lead, and 6.4 percent zinc (Anderson and 
Creasey, 1958, p. 155). At the Mammoth mine, Cali- 
fornia, the massive sulfide ore that was mined for 
copper contained 2.2 ounces of silver whereas the 
ore mined for zinc averaged 5.8 ounces of silver per 
ton (Kinkel and Hall, 1952, p. 6). 


LEAD-ZINC REPLACEMENT DEPOSITS 

Lead-zine replacement ore deposits are one of the 
principal sources of silver. Most argentiferous lead- 
zine replacement deposits formed from hydrother- 
mal solutions of deep-seated origin at the margin of 
or within intrusive bodies of granitic to dioritic 
composition. In the margins of the intrusive bodies, 
limestone is a particularly favorable host rock, but 
quartzite, argillite, and schist also host major de- 
posits. Many deposits are localized near or within 
the intrusive by structural features such as a favor- 
able bed near a feeder fissure, a fracture or fissure, 
a brecciated zone near the intrusive, or a favorable 
bed in a roll in the structure. Especially favorable 
geologic settings are found near Mesozoic and Ter- 
tiary instrusives in the circum-Pacific belt and near 
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Tertiary intrusives in the Great Basin and Rocky 
Mountains, eastern Canada, and central Europe. 

Much of the rich silver ore is produced from lead- 
silver-zine replacement deposits in limestone. These 
include such famous camps as Park City and Tintic, 
Utah; Leadville and Red Cliff, Colo.; Silver City and 
Magdalena, N. Mex.; Eureka, Nev.; and Cerro de 
Pasco and Casapulca, Peru. The bedded replacement 
deposits at Park City are in many places contiguous 
with vein deposits that occupy feeder fissures in 
which the ore solutions moved. Silver-rich lode de- 
posits were exrloited in the early years of the dis- 
trict. The Ontario lode provided high-grade silver 
ore over a strike length of approximately 5,000 feet 
and to a depth of 1,300 feet (Barnes and Simos, 
1968, p. 1116). Where the vein is in the Weber 
Quartzite, it contains high-grade ore, but in the 
underlying limestone the ore is discontinuous and 
lower grade. Extensive bedded limestone replace- 
ment ore bodies are found in the overlying Park City 
Formation; these deposits have been the major 
source of production since the early exploitation of 
the high-grade lodes. The Jenney limestone bed of 
economic usage, which is 100 feet above the Weber 
Quartzite-Park City Formation contact, is the host 
rock for most of the large bedded deposits (Garmoe 
and Erickson, 1968, p. 34). It was mineralized over 
a strike length of more than 6,000 feet, with a maxi- 
mum width of 150 feet, and ranged in thickness 
from 25 to at least 100 feet. The ore averaged 25.3 
ounces per ton of silver, 14 percent lead, and 12 
percent zinc. 

At Tintic, Utah, much of the ore mined during 
the early history of the district averaged 30-40 
ounces of silver per ton (Lindgren and Loughlin, 
1919, p. 105-112) and some of it assayed more than 
100 ounces per ton. At Darwin, Calif., much of the 
near-surface primary ore averaged 50 ounces of sil- 
ver per ton whereas the deeper replacement ore 
averaged about 6 ounces per ton (Hall and Mac- 
Kevett, 1962). Oxidation and supergene enrichment 
of these argentiferous galena ores produced the shal- 
low-depth bonanza ore bodies that were mined dur- 
ing the latter part of the 19th century. 

Lead-zine deposits with appreciable silver occur 
in quartzite, argillaceous rocks, and schist, as veins 
or veinlike replacements along steep fissures or in 
fractures along bedding. Veins of this type consti- 
tute much of the formerly productive mineral belt 
of Colorado, particularly in the Montezuma, Idaho 
Springs, and Silver Plume districts, where they occur 
in fault zones in Precambrian gneisses (Lovering 
and Goddard, 1950, p. 1388-178). 
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MISSISSIPPI VALLEY- AND ALPINE-TYPE LEAD, ZINC, AND 
FLUORSPAR DEPOSITS AND RELATED DEPOSITS 


The Mississippi Valley-type districts contain epi- 
genetic, low-temperature, hydrothermal deposits of 
galena, sphalerite, and pyrite, and locally fluorite, 
barite, chalcopyrite, calcite, and cobalt minerals. 
These deposits have been productive in lead, zinc, 
fluorite, and barite, and some have produced copper, 
silver, cobalt, and nickel as byproducts. The lead in 
the galena is of the radiogenic Joplin type (J-type). 
Brown (1970) has prepared an excellent summary 
of the geology and characteristics of the Mississippi 
Valley-type and related deposits. At present, about 
2 million ounces of silver per year is produced from 
the southeast Missouri district, which makes it one 
of the major silver-producing districts in the United 
States. Most of the silver is recovered from sphaler- 
ite, from some of the chalcopyrite, and from a silver- 
lean galena. Silver is not recovered from other sul- 
fides, such as pyrite, although locally they contain 
some silver. 

Silver is present in small amounts in both sphaler- 
ite and galena in the Upper Mississippi Valley dis- 
trict. Analyses of 29 sphalerite samples range from 
0.08 to 10 oz of silver per ton and average 0.7 oz 
per ton (Bradbury, 1961; Hall and Heyl, 1968). 
Analyses of 33 samples of galena range from 0.05 
to 3 oz of silver per ton and average 0.58 of an 
ounce per ton. 

Silver is recovered from some of the galena con- 
centrates in the Illinois-Kentucky district, where 
silver in galena ranges from 15 ounces per ton of 
concentrates in Illinois to about 5 ounces per ton in 
western Kentucky (Hall and Heyl, 1968). In many 
veins, fluorite ores were mined, and galena and 
sphalerite-rich ores remain. Only traces of silver 
are known in the rest of the Mississippi Valley-type 
districts, but in many of them almost nothing is 
known of the silver content of minerals. 

The Appalachian Valley zinc deposits contain 
little lead. Where galena is present, it contains 
some silver in the range of 1—2 ounces per ton; the 
lead in it is not notably radiogenic. Silver has been 
recovered from the deposits in the Embreeville, 
Tenn., and Austinville, Va., districts. 

In many respects the lead-zine deposits of the Alps 
in eastern France, Austria, northern Italy, and 
Yugoslavia resemble the Appalachian Valley zinc 
deposits except that in the Alps the galena is much 
more abundant than sphalerite. In all of these coun- 
tries some silver in the galena is recovered as a 
byproduct, but the deposits are not notably rich in 
silver. The lead isotopes in the galena are notably 
radiogenic in thorium lead (B-type). 
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Ore deposits in the Metaline district of northeast- 
ern Washington occur as large, irregular replace- 
ment bodies in the Middle Cambrian Metaline Lime- 
stone. Sphalerite and galena are the ore minerals; 
chief gangue minerals are jasperoid, dolomite, coarse 
calcite, and pyrite. Practically all the zine and lead 
has been mined from an irregular zone near the top 
of the Metaline Limestone known as the “Josephine 
horizon” that is characterized by widespread brec- 
ciation. Other zinciferous zones are known in the 
Metaline Limestone but have not been exploited. 
Production from the district for the last few years 
has been at the rate of about 200,000 tons annually 
with a grade of 2.31 percent zinc, 0.85 percent lead, 
and 0.036 of an ounce of silver per ton. Total pro- 
duction of silver through 1969 amounts to 657,109 
ounces. The potential resources of the “Josephine 
horizon” may be as much ag 1.2 million tons of 
lead, 3.4 million tons of zinc, and 5.8 million ounces 
of silver (Weissenborn, 1966). 

Somewhat similar deposits are found immediately 
to the west in Stevens County, Wash. As at Metaline, 
the deposits form replacement bodies in the Middle 
Cambrian Metaline Limestone; zinc predominates 
over lead; and the silver content of the replacement 
deposits is low but the total silver production is 
substantial—incomplete data suggest that it 
amounts to about 600,000 ounces. 


COPPER DEPOSITS IN SANDSTONES AND SHALES 


Blankets or lenses of disseminated copper ores, 
in places with associated silver, and less commonly 
with lead, zinc, cobalt, vanadium, and uranium, are 
found throughout the world in marine and con- 
tinental shallow-water sandstones and shales. Most 
of these deposits have no apparent association with 
igneous rocks. The silver is mostly in chalcocite, 
djurleite, argentite, bornite, and chalcopyrite, and 
their oxidation products, but some is native silver. 
Some of the deposits are very large, such as the 
upper Precambrian stratiform blanket deposits in 
shale near White Pine, Mich., and the Permian 
carbonaceous copper shales of Mansfeld (Germany), 
Poland, and the U.S.S.R. Copper shales in Poland 
contain 80—750 ppm silver. Copper shales near Korn- 
berg, West Germany, contain about 1.5 percent 
copper and 10 ppm silver. Copper shales at White 
Pine contain more silver than those at Kornberg. 
The resources of White Pine are very large; more 
than a million ounces of silver per year is currently 
produced as a byproduct of the White Pine deposits, 
in addition to the silver needed to produce the White 
Pine silver-bearing Lake-brand copper, which con- 
tains 12 ounces or more of silver per ton. A much 
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smaller quantity of silver comes from southwestern 
Oklahoma deposits. 

Lenticular, bedded, and roll deposits of dissemi- 
nated chalcocite and pyrite, that locally contain 
uranium and vanadium minerals, occur in sand- 
stones, mostly of Mesozoic age, in eastern New 
Mexico, southeastern Colorado, and in the Colorado 
Plateau province of Colorado, New Mexico, Utah, 
and Arizona (Fischer, 1937). Similar deposits are 
known in northeastern Utah, southern Idaho, and 
northeastern Pennsylvania. Most of these deposits 
are lean in silver, but contain small quantities in 
ores that have been mined for their copper content. 
Silver might be recovered from such ores in the 
future. 

Disseminated chalcocite, bornite, covellite, and 
chalcopyrite, locally with a little native copper and 
silver, occur in beds, veins, breccia zones, and along 
dikes in sandstones of Triassic age in Connecticut, 
New Jersey, Pennsylvania, Maryland, and Virginia, 
and in the Cashin mine in southwestern Colorado 
(Emmons, 1906), and in nearby deposits in Utah. 

The existence of possible economic concentrations 
of copper in beds of the Precambrian Belt Super- 
group has been generally recognized only recently. 
(See chapter on “Copper.”’) One deposit has been 
developed to the point where it could be mined when 
desired, and other prospects are in various stages of 
exploration. These deposits are said to average about 
1 percent copper and to contain about 2 ounces of 
silver per ton for each percent of copper. Much work 
remains to be done before any realistic forecast can 
be made of the silver resources of the Belt Basin. 
They obviously could constitute an important re- 
source of both silver and copper. Company explora- 
tion geologists stated (A. E. Weissenborn, oral 
commun., 1971) that the expected size of individual 
deposits may be as much as 60-100 million tons. 


NATIVE COPPER DEPOSITS 


Very large deposits of native copper and asso- 
ciated native silver occur in amygdaloidal basalt 
flows and conglomerates on the Keweenaw Penin- 
sula, northern Michigan; probably they were de- 
posited by heated chloride-rich brines that rose 
updip from beneath the present location of Lake 
Superior (White, 1968). The deposits have been 
productive from prehistoric times until 1970, when 
the last mines were closed after having yielded 
nearly 5.4 million tons of copper and a very sub- 
stantial quantity of silver. Most of the silver pro- 
duction was not recorded, however, because it was 
retained in the ‘‘Lake copper” produced, which con- 
tains as much as 8 ounces of silver per ton. The 
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remaining resources in this district are very large, 
but mostly low grade, and are awaiting better metal 
prices and improved mining and recovery methods. 

GOLD DEPOSITS IN VEINS, CONGLOMERATES, AND PLACERS 

Silver is alloyed with gold in all precious-metal 
deposits. The amount of silver is indicated by the 
fineness of the gold, which is the proportion of gold 
to silver expressed in parts per thousand (thus, for 
example, ‘900 fine” means a gold to silver ratio of 
9:1, or 10 percent silver). Mesothermal and hypo- 
thermal gold-quartz veins generally have more gold 
than silver, whereas the epithermal precious-metal 
and the shale and sandstone deposits have more sil- 
ver than gold. 

Gold-quartz veins are found extensively in meta- 
morphic terranes around the world: in Western 
United States and Alaska; in the Precambrian shield 
of Canada and the United States; at Victoria, Au- 
stralia; and in the Precambrian areas of South 
Africa, the Ural Mountains, the Austrian Alps, 
Brazil, India, and Siberia. 

The most extensive gold-quartz veins in the United 
States are in California along the belt of Mesozoic 
granitic rocks. The most productive was the Mother 
Lode Belt, which extends for a distance of 130 miles 
on the west side of the Sierra Nevada batholith in 
a folded belt of metamorphosed Paleozoic and Meso- 
zoic voleanic and sedimentary rocks. The Mother 
Lode is a vein system with individual veins as much 
as 1 to 2 miles long; some veins have been mined 
5,000 to 10,000 feet down the dip. 

The gold-quartz veins in the Kirkland Lake and 
Porcupine districts in the Canadian Shield have 
many similarities to the Mother Lode veins. They 
occur in tightly folded Keewatin andesite and basalt 
flows, and the mineralogy of the veins is simple. The 
silver to gold ratios range from 0.11 to 0.25. 

The Homestake mine, South Dakota, produced 
approximately 28 million ounces of gold and 614 
million ounces of silver between 1878 and 1965, a 
gross of nearly $1 billion at today’s prices (A. L. 
Slaughter, in Ridge, 1968, p. 1437). The ore occurs 
as a replacement of isoclinally folded Precambrian 
Homestake Formation (Hosted and Wright, 1923), 
and consists of several percent of pyrrhotite, arseno- 
pyrite, and pyrite in a calcite-quartz-chlorite-anker- 
ite gangue. 

Other important deposits of gold-quartz veins in 
the United States that have yielded byproduct silver 
include those in the Colorado mineral belt, the Appa- 
lachian Piedmont gold belts in the southeastern 
United States, the Neihart district, Montana, Mogol- 
lon district, New Mexico, Wallapai district, Arizona, 
the London vein system, Alma district, Colorado, and 
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the Gold Mountain quartz veins in Tertiary tuffa- 
ceous sediments, pyroclastics, flows, and associated 
intrusives in the Republic district of Washington 
have yielded about 714 million ounces of silver as a 
byproduct of gold mining. Epithermal gold-quartz 
veins in silicified zones in the Paleocene Swauk For- 
mation at Wenatchee, Wash., have also yielded con- 
siderable byproduct silver. 

Gold-bearing conglomerate deposits in the Wit- 
watersrand district, Transvaal, South Africa, have 
yielded more gold than the total gold produced in 
Alaska, California, and Colorado. Similar conglom- 
erates have been mined in West Africa at Tarkwa 
and Abosso. The fineness of the gold in two Wit- 
watersrand mines ranges predominantly from 750 
to 925 (Von Rahden, 1965, p. 983). 

All placer gold contains byproduct silver, although 
the amounts in the gold are much smaller than in the 
nearby lodes, and the total quantity per placer is 
small. The placers on the west side of the Sierra 
Nevada, and near Fairbanks, Alaska, and the Yukon, 
Canada, however, have yielded appreciable quanti- 
ties of silver. Future production of large amounts of 
silver from gold placers is unlikely because of the 
low grade of the remaining gravels and because of 
environmental considerations. 


NICKEL AND MAGNETITE DEPOSITS 


About a million ounces of silver is produced an- 
nually from the nickel ore bodies at Sudbury, On- 
tario. (See chapter on “Nickel.”’) The silver occurs 
in small amounts in chalcopyrite, and in galena of 
the mineralogically more complex “offset deposits,” 
which are probably hydrothermal. Production is ex- 
pected to continue for many years. 

At Cornwall and Morgantown, Pa., silver is re- 
covered as a byproduct, along with gold, copper, and 
cobalt, from high-temperature hydrothermal magne- 
tite deposits. (See chapter on “Iron.”) The silver 
occurs in small quantities in chalcopyrite that is 
common in the ores. A small but steady output has 
come from these deposits for many years. Although 
Cornwall is approaching exhaustion, Morgantown is 
a major new mine and is expected to continue 
production. 


SILVER AS A MAJOR CONSTITUENT 


Mineral deposits in which silver is the main con- 
stituent include a wide variety of types, and they 
constituted some of the most productive deposits in 
the notable districts that were mined in the 19th 
century. They are no longer very productive except 
in a few major districts. These silver-rich deposits 
are (1) epithermal veins, lodes, and pipes, (2) epi- 


thermal disseminated and breccia deposits, (8) epi- 
thermal silver-manganese deposits, (4) epithermal 
silver-lead-zine replacement deposits, (5) epither- 
mal silver-copper-barite deposits, (6) mesothermal 
silver-lead-zinc-copper deposits, (7) mesothermal 
cobalt-silver, cobalt-uraninite-silver, and cobalt- 
silver-zeolite deposits, (8) sandstone silver deposits, 
and (9) sea-floor muds and hot-spring deposits. 


EPITHERMAL VEINS, LODES, AND PIPES 


Epithermal veins, lodes, and pipes form within a 
few thousand feet of the surface, under slight load, 
and generally in brittle rocks where open fractures 
and cavities are abundant. They are formed by 
deposition of silver-bearing minerals from hot as- 
cending solutions in areas of volcanic activity. The 
presence of anomalous amounts of arsenic, anti- 
mony, mercury, bismuth, tellurium, and selenium 
are good geochemical indicators of favorable areas 
for prospecting and exploration. They are dis- 
tinguished from mesothermal and hypothermal 
deposits by small grain size, open cavities, crustifica- 
tion, banding, and comb structures. They most com- 
monly occur in Tertiary volcanic flows or tuffs, 
generally andesitic to rhyolitic in composition, or in 
fault fissures between these and other rocks. Only 
rarely do they occur in basalt, or in the underlying 
or adjacent rocks of plutonic or sedimentary origin. 
The common ore minerals are argentite, pyrargy- 
rite, polybasite, and other complex silver sulfosalts, 
argentiferous tetrahedrite, argentiferous galena, and 
sphalerite. Most of the deposits contain gold, either 
free or alloyed with silver as electrum, and base- 
metal sulfides that are seldom of economic im- 
portance. Many of the deposits contain cerargyrite 
and native silver as secondary minerals in the zone 
of oxidation. The gangue minerals include quartz, 
and typically less abundant adularia, calcite, dolo- 
mite, barite, and fluorite, and rarely, rhodochrosite 
and rhodonite. Wallrock alteration is generally well 
developed and marked by abundant kaolin, chlorite, 
carbonate minerals, and pyrite, and locally by seri- 
cite or zeolites. The ore bodies commonly occur as 
shoots or chimneys of richly mineralized vein ma- 
terial surrounded by lower grade ore or barren gan- 
gue minerals. They are generally confined to fault 
fissures and other fractures but may locally extend 
into the wallrocks. The ore bodies range widely in 
size and grade; some have been mined continuously 
for strike lengths of several thousands of feet, and 
have yielded ore that contained from a few ounces 
to many thousands of ounces of silver per ton. Few 
deposits are known to extend to depths of more than 
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2,000 feet below the surface, and most are confined 
to less than 1,000 feet below the outcrop. 

The most famous epithermal silver deposit in the 
United States, and perhaps the world, is the Com- 
stock Lode in western Nevada (Becker, 1882; Bas- 
tin, 1922; Gianella, 1936; Thompson, 1956). This 
great deposit yielded nearly a half billion dollars in 
gold and silver from ore bodies along a strike length 
of about 3 miles and to a depth of more than 2,000 
feet. Another notable epithermal vein deposit is the 
Hornsilver, in the San Francisco district of Utah 
(Butler, 1918). This giant vein of silver-bearing 
galena, sphalerite, argentite, pyrargyrite, and chal- 
copyrite lies in a large fault between Tertiary 
quartz-latite flows on the east and lower Paleozoic 
limestone on the west. The vein was rich in silver, 
lead, and gold where partly oxidized near the sur- 
face; as in many epithermal veins, the productive 
part extended to only about 1,000 feet. Other notable 
epithermal vein deposits in the United States are 
those at Tonopah (Nolan, 1935) and Austin (Ross, 
1953), Nev.; Mojave (Tucker, 1935) and Randsburg 
(Hulin, 1925), Calif.; and the Mogollon district, 
New Mexico (Anderson, 1957). Many of the rich 
silver deposits of Mexico and the Andes belong to 
this type. The eastern part of the Harz vein dis- 
trict in West Germany contains epithermal silver- 
lead veins with a wide variety of silver minerals. 

Epithermal precious- and base-metal veins and 
lodes in Tertiary andesitic breccia of the San Juan 
Mountains of Colorado contain both silver and gold. 
Major silver-producing mines are still active in the 
Telluride-Sneffels district, near Silverton, and at 
Creede, where the host rocks are mostly felsic vol- 
canic rocks. Most of the deposits in the San Juan 
Mountains are within or near the margins of giant 
calderas (Steven, 1968). At Creede, a new vein sys- 
tem recently opened up by the Homestake Mining 
Co. contains an unusual native silver and copper sul- 
fide ore. Farther north this vein probably grades 
into very coarse grained, vuggy, argentiferous 
galena, sphalerite, and copper minerals similar to 
the Holy Moses, OK, and Amethyst veins to the east 
(Steven and Ratté, 1965). 

In the Silver Cliff and Querida districts of south- 
central Colorado, breccia pipes in rhyolite are ce- 
mented by rich crusts of galena, sphalerite, various 
silver minerals, free gold, and gold tellurides. The 
best known deposits are those of the Bassick and 
Geyser mines. Nearby is the Bull Domingo pipe with 
mineralogically similar ore that cements a Tertiary 
breccia formed in Precambrian rocks. The deposits 
are small, but locally rich. Near Silver Cliff, a vol- 
canic basin is covered by a blanket of altered rhyo- 
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lite with many small intersecting silver veins. 
Beneath part of the district is a large, low-grade, 
epithermal porphyry-type  silver-lead-zinc-copper 
deposit which is a resource for the future. 


EPITHERMAL DISSEMINATED AND BRECCIA DEPOSITS 


The large deposit at Calico, in southeastern Cali- 
fornia (Wright and others, 1953), has yielded about 
$20 million in silver from barite veins along faults 
and from rich pockets of cerargyrite, embolite, and 
native silver in shattered voleanic rocks and lake 
beds of Miocene age. Few of the deposits extend to 
depths greater than 200 feet. Exploration in 1966 
indicated a disseminated silver deposit containing 
many millions of tons of low-grade silver-bearing 
material in faulted and brecciated sedimentary rocks 
of late Miocene age along the Calico fault zone. 

The Monitor district, California, also has low- 
grade disseminated silver in braided fissure zones in 
altered andesite of Miocene-Pliocene age. The silver 
occurs as argentite, polybasite, and pyrargyrite. 
Similar deposits are reported in Nevada and Arizona. 

Silver-antimony-lead-bearing epithermal jasper- 
oid reefs that replace limestone were mined in the 
Taylor and Success districts east of Ely, Nev. 
(Drewes, 1967). Similar ores, of silver, occur in 
jasperoid mantos in the Vipont district in the north- 
west corner of Utah. Many other small deposits of 
this type are known in Colorado, Utah, and Nevada. 


EPITHERMAL SILVER-MANGANESE DEPOSITS 


Silver-rich manganese carbonate, manganiferous 
black calcite, and manganese oxide deposits, occur- 
ring as veins in layered volcanic rocks and as re- 
placement deposits in limestone, were briefly pro- 
ductive in the United States. The best known dis- 
tricts are Lake Valley, N. Mex.; Pioche, Tybo, and 
White Pine, Nev.; Escalante, southwestern Utah; 
Tombstone and Aquila, Ariz.; Silver Cliff, Colo. ; and 
Modoc, Calif. In these and numerous other similar 
districts in the west, the silver mineral mined was 
cerargyrite that occurred in small near-surface de- 
posits; the hypogene silver minerals were not deter- 
mined in most deposits (Hewett and others, 1965; 
Hewett and Radtke, 1967). The most recently devel- 
oped deposit of this type is in the Escalante district 
near Modena, Utah. Here a large tonnage of 10- to 
15-ounce silver-manganese ore has been developed in 
a large vein of manganese oxides, fluorite, black cal- 
cite, vanadinite, pyromorphite, descloizite, and 
wulfenite; the vein, in rhyolite, extends below the 
shallow water table without sulfides. In the White 
Pine district, Nevada, the cerargyite ores are worked 
out, but aurorite, argentian todorokite, and hydrous 
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silver-bearing lead-manganese oxides have been 
identified from black silver-bearing manganiferous 
calcite samples (Radtke and others, 1967). 

One of the richest of the oxidized silver-manga- 
nese deposits was mined in the Lake Valley district, 
New Mexico, from 1878 to 1893, during which time 
it yielded 5 million ounces of silver (Jicha, 1954, p. 
71). Half of the silver came from one stope where 
the silver occurred in cerargyrite and one 4-foot face 
averaged 15,000 ounces of silver per ton. Lower 
grade silver ore consisted of silver-bearing manga- 
nese and iron oxides in cherty limestone. The nature 
of the primary ore is not known inasmuch as all the 
mined ore was manganese oxides and silver chlorite 
in limestone; only a small amount of galena, almost 
completely oxidized, was found. Sulfide cavities are 
uncommon. 


EPITHERMAL SILVER-LEAD-ZINC REPLACEMENT DEPOSITS 


Epithermal silver-lead-zinc replacement deposits 
are not common, but a few have been very produc- 
tive. One of the largest and most productive districts 
with such deposits is Aspen, Colo., where large veins 
and replacements along bedding-plane faults and 
cross faults in Mississippian carbonate rocks contain 
large, rich, pocketlike hypogene ore bodies of barite, 
pearceite, and native silver near the surface. In 
places these bodies grade into fine-grained colloform 
silver-rich galena and sphalerite. Other silver re- 
placement deposits occur at Eureka and Cortez, 
Nev.; Tombstone, Ariz.; Hermosa and Kingston, N. 
Mex. ; and Shafter, Tex. 

Variants of this type are the Tertiary volcanic 
breccia pipes or chimneys of silver, gold, lead, zinc, 
copper, and tungsten ores that formerly were pro- 
ductive in the Red Mountain district in the core of 
the Silverton caldera of the San Juan Mountains, 
Colo. (Burbank and Luedke, 1968). The ore was de- 
posited at shallow depth and replaces the breccia, or 
it forms cylindrical replacement envelopes around 
the pipes along the contact with wallrocks and fills 
the interstices. These epithermal ores are rich in 
silver and copper, and in places include pipes of 
shallow-depth high-temperature deposits containing 
heubnerite. The best silver ore consists mostly of 
stromeyerite and bornite. 

At Mercur, Utah, the Carlin-type very fine grained 
limestone-shale gold-arsenic replacement ores grade 
into silver ores geologically similar to the Carlin, 
Nev., gold ores. The first mining was for silver, and 
the gold ore was found after the highest grade silver 
ore had been mined out and the camp abandoned for 
a decade (Gilluly, 1932). 
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EPITHERMAL SILVER-COPPER-BARITE DEPOSITS 


Rich silver-copper-barite deposits of Triassic age 
were found in the 1960’s at Walton, Nova Scotia 
(Boyle, 1963; 1972). At the surface, pipe deposits 
were mined for barite and manganese. Subsequent 
deep drilling for barite revealed deposits, beneath 
the barite in the same pipe, that consist of chalcocite 
and at least 10 other copper and silver sulfide min- 
erals. Similar barite deposits with silver-bearing 
chalcocite are known in the Triassic shales of the 
Connecticut Valley. Hewett (1968) suggested that 
the Walton deposit is a type of silver occurrence that 
might be expected beneath the manganese-silver ores 
previously mined. 


MESOTHERMAL SILVER-BASE METAL VEINS 


The Coeur d’Alene district of Idaho is the coun- 
try’s leading silver producer, one of the few active 
mining districts in the world in which a significant 
part of the ores are mined chiefly for their silver 
content. Through 1968 its mines have yielded ap- 
proximately 754,300,000 ounces of silver, 7,010,000 
short tons of lead, 2,555,000 short tons of zinc, and 
125,000 short tons of copper, in addition to sub- 
stantial amounts of cadmium and antimony. The 
total value of the metals produced exceeds $2.3 
billion. 

The ore is in replacement veins in weakly meta- 
morphosed argillites, siltites, and quartzites of the 
Precambrian Belt Supergroup. Coeur d’Alene ore 
shoots are characteristically longer in vertical di- 
mension than in horizontal dimension. Ore has been 
mined over a vertical range of 8,000 feet. Many ore 
shoots have been bottomed, but others continue 
below the lowest mine levels, with no evidence to 
suggest their bottom limit. The principal producing 
mines are found in two groups, one north of the 
Osborn fault, the other south of the fault. The east- 
ern part of the southern group is known as the 
“Silver Belt” because of the higher silver content of 
the ore. 

In most mines in the Silver Belt, the ore averages 
about 25 ounces of silver per ton and 0.75 percent 
copper. In the other mines the combined lead-zinc 
content averages 10-12 percent, and the silver con- 
tent is variable. 

The Chewelah district, which has been the leading 
producer of silver in Stevens County, Wash., is in an 
entirely different geologic setting from the Coeur 
d’Alene district. The silver is in braided quartz- 
carbonate veins in shear zones in argillite of the Belt 
Supergroup. Chalcopyrite is the principal ore min- 
eral. All the mines are within 2 miles of outcrops of 
the Flowery Trail Granodiorite (Clark and Miller, 


SILVER 


1968). The district has yielded 1,747,000 ounces of 
silver and 5,350 tons of copper, mostly from the 
United Copper mine. The mines have been idle for 
many years, and it is unlikely that mining will be 
resumed under present or foreseeable conditions. 


MESOTHERMAL COBALT-SILVER, COBALT-URANINITE SILVER, 
AND COBALT-SILVER-ZEOLITE DEPOSITS 

The cobalt-silver veins of Cobalt, Ontario, have 
yielded about 500 million ounces of silver to date, 
and several mines have been revived in recent years. 
The deposits occur in thin, short, vertical veins in 
diabase sills about 1,000 feet thick. The main min- 
erals are native silver, cobalt, nickel and iron arsen- 
ides, arsenic sulfides, dolomite, and calcite. Some 
galena, chalcopyrite, pyrite, sphalerite, pyrrhotite, 
and tetrahedrite are present. Typical high-grade ore 
averages 10 percent silver, 9 percent cobalt, 6 per- 
cent nickel, and 39 percent arsenic (Jones, 1953, p. 
18). The origin of the silver veins is controversial. 
Many believe the silver source was in the magma 
that gave rise to the diabase. Others suggest the ore 
minerals or metals were derived from sedimentary 
rocks interbedded in the greenstones. 

Similar deposits on the east shore of Great Bear 
Lake, northwestern Canada, contain native silver, 
cobalt and nickel arsenides, chalcopyrite, some uran- 
inite, and bismuth, in thin quartz veins. The princi- 
pal economic mineral in some veins is uraninite, and 
in others, native silver. Gangue is altered host rock, 
quartz, carbonates, and hematite. Five stages of 
mineralization have been recognized; pitchblende is 
part of an early stage and native silver is part of the 
latest stage. 

The Echo Bay mine, opened in 1964, has produced 
nearly 16 million ounces of silver. In 1971, this mine 
produced about 2.5 million ounces of silver and 
650,000 pounds of copper. Mill heads average 70 
ounces of silver per ton and 0.95 percent copper 
(Northern Miner, Jan. 6, 1972). Four large masses, 
largely of silver, that weighed 1,620, 800, 412, and 
344 pounds were mined in August 1971; the largest 
mass contained about 70 percent silver. 

Deposits somewhat similar to those at Great Bear 
Lake were formerly quite productive at Kongsberg, 
Norway; and at Andreasberg, Annaberg, and 
Schneeberg in Saxony, Germany. These deposits con- 
tain native silver, silver sulfides, cobalt, bismuth, 
and nickel arsenide associated with lead and zinc 
sulfides. Uraninite is much less abundant in these 
deposits than at Great Bear Lake although locally 
the veins are enriched in uraninite. Zeolites, barite, 
fluorite, calcite, and ankerite are the main gangue 
minerals. The veins at Schneeberg are ore bearing 
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in metamorphic clay-slates but are impoverished in 
the underlying granite. The veins are multistage: 
the nickel-cobalt-bismuth ores are associated with an 
early stage; uraninite with an intermediate stage; 
and silver with a late stage. 


SANDSTONE SILVER DEPOSITS 


Silver chloride deposits disseminated in sandstone 
occur in southern Utah at Silver Reef (Proctor, 
1953). Small ones are also found to the southwest 
near St. George. The mines, which were productive 
for about 20 years in the late 19th century, yielded 
nearly 8 million ounces of silver. 

The deposits are a silver-rich variant of the Colo- 
rado Plateau sandstone uranium deposits and the 
sandstone copper-silver deposits previously de- 
scribed (Fischer, 1937). Most of the Silver Reef 
deposits contain some copper and, locally, some 
uranium and vanadium. The ore bodies are re- 
stricted to the Silver Reef Sandstone Member (of 
Proctor, 1953) of the Upper Triassic Chinle Forma- 
tion and occur in blankets and lenses on the limbs 
and nose of a major anticline. The ore bodies were 
emplaced prior to anticlinal folding. They tend to be 
richest in carbonaceous trash pockets and in cross- 
bedded sandstone beds and lenticular channels. The 
silver is mostly in cerargyrite, but it occurs locally as 
native silver. Associated minerals are malachite, 
azurite, and locally carnotite. Trace-element studies 
indicate that silver bromides are probably also pres- 
ent. The ore minerals are essentially invisible and 
occur as micrograins cementing the sandstone 
grains, and as thin gray crusts on lignite. Pyritic 
concretions, now altered to limonite, locally are es- 
pecially rich in silver. The ores were worked to the 
water level and the mines closed. Little exploration 
was done below the water table, although the geology 
suggests that unoxidized ore, similar in grade to the 
oxidized ore, should be present. Little search has 
been made for similar ores elsewhere in the Colorado 
Plateau. 


SEA-FLOOR MUDS AND HOT-SPRING DEPOSITS 


Mineralized sea-floor muds of the Red Sea contain 
lead, zinc, and iron sulfides, and some silver in len- 
ticular blankets in local basins (Degens and Ross, 
1969). They are being deposited by heated brines 
rising through the sea floor in the central part of the 
Red Sea. The blankets, which are very large, are 
examples of mineral deposits being deposited at 
present by hydrothermal solutions. Such deposits 
may ultimately form massive sulfide blankets such 
as those at Meggen, West Germany. 

Near Niland, Calif., close to the Salton Sea, a very 
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concentrated brine with an unusually high content 
of potassium, lithium, and heavy-metals was tapped 
by a deep well that was drilled for geothermal pow- 
er (White and others, 1968, p. 919-922). Evaporated 
residue of a deep water stream sample indicates the 
original water contains 1,000 ppm manganese, 2 ppm 
silver, 100 ppm lead, 500 ppm zinc, and 20 ppm cop- 
per. Dark material deposited in the discharge pipe 
from the well contained a high concentration of cop- 
per and silver. Such silver-bearing fluids might 
deposit their metal content to form syngenetic sil- 
ver deposits in such closed saline basins as the Salton 
Sea. 


RESOURCES 


IDENTIFIED RESOURCES 


Listed in table 124 are our estimates of silver 
reserves and identified resources of material nearly 
commercial in grade and of hypothetical silver re- 
sources (undiscovered but geologically probable 


TABLE 124.—Silver resources (in troy ounces in ores) in the 
United States 


Identified 
resources! 


Hypothetical 


Type of deposit resources? 


Deposits in which silver is a byproduct 
741,000,000 


Porphyry copper deposits -___ 725,000,000 
Copper-zine-lead replacements 


and veins and copper-bear- 


ing sandstones and shales __ 398,000,000 1,585,000,000 
Massive sulfide deposits __-___ 8,000,000 81,000,000 
Lead-zine replacement deposits 170,000,000 235,000,000 
Mississippi Valley-type deposits 54,000,000 50,000,000 
Alpine-type zine deposits in Val- 

ley and Ridge province ____ 200,000 200,000 
Native copper deposits ______ 50,000,000 500,000,000 
Gold veins and placers _______ 5,000,000 35,000,000 
Otheratypesse-= == so22- ee 2,000,000 2,000,000 


1,428,200,000 3,213,200,000 


Deposits in which silver is the main product 


Epithermal veins, lodes, and 


Pipes qe ab RG 128,000,000 93,000,000 
Epithermal disseminated and 
breccia deposits ___________ 12,000,000 11,000,000 
Epithermal manganese and barite 
depositsiye === a=— = ee 18,000,000 18,000,000 
Epithermal replacement deposits 
and mesothermal veins with 
leadwandezincy== === aaa 605,000,000 69,000,000 
Mesothermal cobalt-uraninite- 
silver deposits _____________ 0 1,000,000 
Sandstone silver deposits ____- 2,000,000 10,000,000 
Ota eee oe 765,000,000 202,000,000 


Total byproduct plus 
main product silver 


resources 2,193,000,000 3,415,000,000 

1 Identified resources: Specific, identified mineral deposits that may or 
may not be evaluated as to extent and grade, and whose contained 
minerals may or may not be profitably recoverable with existing tech- 
nology and economic conditions. 

2 Hypothetical resources: Undiscovered mineral deposits, whether of 
recoverable or subeconomic grade, that are geologically predictable as 
existing in known districts. 
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resources in known districts) in the United States. 
They are subdivided by geologic type of deposit as 
previously described. 

The total of identified resources is about 2.2 bil- 
lion troy ounces, half again as large as the reserve of 
1.4 billion ounces estimated in 1968 (table 125). The 
difference between these two estimates is attributed 


TABLE 125.—Silver reserves,’ in millions of troy ounces, of 
United States and free world* 


Silver reserves 


Measured 
and Inferred 
indicated ore Total 
ore 
United Statess=eae=== see eee 590 850 1,440 
Free world (including U.S.) __ 3,200 2,200 5,400 


1 Reserves: Identified deposits from which minerals can be extracted 
profitably with existing technology and under present economic condi- 
tions. 

*Compiled in 1968 by E. T. McKnight and T. H. Kiilsgaard, U.S. 
Geological Survey, from all available published data, records of govern- 
ment agencies, data provided by mining company personnel and by 
minerals attachés, and annual reports of mining companies, based on 
materials considered economically exploitable at or near 1965-68 metal 
prices. 


partly to the discovery of the large disseminated 
silver-copper deposits in the Precambrian Belt 
Supergroup in northern Idaho and western Montana, 
which at present constitute a conditional resource, 
and partly to the increased potential resources in 
porphyry copper deposits. We have not attempted to 
estimate conditional resources in detail, but such 
resources that might become recoverable with a 
threefold to fourfold increase in the price of silver 
are roughly estimated to be of about the same magni- 
tude as the present reserves. 

Hypothetical resources are based on geologic evi- 
dence for assumed continuations or repetitions of 
deposits in similar geologic settings. 

The identified resources of byproduct silver are 
nearly twice those of silver as the main product, and 
the hypothetical resources of byproduct silver are 
more than 15 times those of silver as the main prod- 
uct. By far the greatest silver resources are in 
porphyry copper deposits, massive sulfides, and cop- 
per-zinc-lead veins and replacement deposits, but 
very large identified resources are contained in the 
silver-rich lead veins and replacements such as those 
in the Coeur d’Alene district, Idaho; in the lead-zinc- 
silver replacement ores such as those at Leadville, 
Colo.; and in silver-bearing epithermal veins, lodes, 
and pipes similar to those in the San Juan Mountains 
of Colorado. Resources in the southeast Missouri 
district are surprisingly large, because although the 
percentage of silver in the ores is small, the ton- 
nages of ore are immense. The small hypothetical 
resources of silver in ores in which it is a main 
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product reflect the fact that most such deposits are 
restricted to shallow depth, and thus have small 
vertical extents. 

Silver consumption in the United States and in 
the world will probably continue to greatly exceed 
the newly mined supply, because silver is, and will 
continue to be, a byproduct or coproduct of copper, 
lead, zinc, and gold ores, and therefore its supply 
depends largely upon the production of these metals. 
In the future, silver will probably be produced more 
from the many types of copper deposits and from 
zine-rich, lead-lean massive sulfides than from the 
silver-lead-zinc replacement and gold deposits that 
supplied most of the silver in the 20th century. The 
marked decline in western silver-lead and zinc pro- 
duction will continue because the high-cost western 
mines and smelters cannot compete with eastern ore 
until new, more efficient mining and recovery meth- 
ods are commercially developed (which will take at! 
least 5-10 years), and until the price of silver is high 
enough to assure that the western silver industry 
will once more be competitive. A rise in the silver 
price would aid the opening of low-grade dissemi- 
nated silver deposits such as those at Calico, Calif. 
Opening of more porphyry copper deposits and of 
large, recently developed silver-bearing copper de- 
posits in sandstone and shale, such as the dissemi- 
nated copper-silver deposits of Idaho, Montana, 
Michigan, Oklahoma, and New Mexico, will partly 
fill the gap. 

Imported silver comes largely from Canada, 
Mexico, Peru, Ireland, and Australia. Most of the 
Canadian deposits are copper- or zinc-rich massive 
sulfides, silver deposits, gold deposits, or porphyries. 
The Mexican deposits are largely silver-rich epi- 
thermal and replacement deposits and copper por- 
phyries. Those in Peru are copper porphyries and 
silver-lead deposits. The deposits in Australia and 
Ireland are largely massive sulfides. Increased pro- 
duction from these foreign deposits to obtain more 
silver in the immediate future will seriously affect 
our balance of payments and the present balance 
between supply and demand of base metals. 


HYPOTHETICAL RESOURCES 


The potential resources of silver will be increased 
substantially when economic conditions will justify 
exploration for large, low-grade deposits. 

Stratabound copper deposits may be a very large 
worldwide potential resource of silver that is not yet 
widely exploited except in Poland, East Germany, 
and Michigan. The existence of possible economic 
concentrations of copper and silver in the sandstones 
and shales of the Precambrian Belt Supergroup in 
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Montana and Idaho, for example, has been recog- 
nized only recently. An enormous potential resource 
with more than 0.2 percent copper and 0.4 of an 
ounce of silver per ton is suggested by current in- 
vestigations of the Belt Supergroup, and a hypo- 
thetical resource of 1 billion ounces of silver is 
possible. In addition, anomalous amounts of copper 
are known in sedimentary or low-grade metasedi- 
mentary rocks of Belt age in Africa, Australia, Rus- 
sia, and Canada (Harrison, 1972, p. 1232). The 
southwest Oklahoma copper shales are known to 
extend at depth throughout most of the Anadarko 
Basin, eastward across much of Oklahoma, and 
northward into Kansas, and to grade into silver-rich 
deposits in southeastern Oklahoma. The sandstone 
silver deposits of Silver Reef, Utah, are probably a 
variant of the Colorado Plateau uranium and copper- 
uranium deposits, many of which contain some sil- 
ver. New sources are probable among the hundreds 
of uranium prospects not rich enough to be mined, 
where silver is a trace element and copper is com- 
mon. The Silver Reef ore minerals are so nearly 
invisible that new deposits will not be found without 
careful sampling and analysis. Small sandstone sil- 
ver deposits are known elsewhere in southwest Utah, 
indicating that Silver Reef is not unique. 

Massive sulfides, which are the source of so much 
of the world’s base- and precious-metal ores, are 
abundant in the Appalachian Mountains. Under 
favorable economic conditions, many new commer- 
cial ore bodies can probably be found by prospecting 
and following prospects along known belts of meta- 
voleanic rocks. A similar possibility for new deposits 
exists in the Precambrian of the Basin and Range 
province, outward from the well-known deposits in 
Arizona into central New Mexico, and northward 
into Colorado and southern Wyoming. These three 
States have large areas of exposed Precambrian 
rocks that contain many small massive sulfide de- 
posits which have been largely overlooked because of 
the nearby Laramide and Tertiary deposits. The 
Sierra Nevada foothills in California and the north- 
ern California Shasta deposits are similar promising 
areas to search. A point worth remembering is that 
in 1950 the great massive sulfide deposits of Bath- 
hurst (New Brunswick), Gaspé (Quebec), Timmins 
(Ontario), and Newfoundland were unknown, but 
their presence was marked by small, nearly forgot- 
ten prospects of sulfide, which had been discounted 
and ignored by exploration geologists for many 
years. 


SPECULATIVE RESOURCES 
The United States, including Alaska and Puerto 
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Rico, probably contains more silver-bearing deposits 
than almost any other nation in the world, and is one 
of the most favorable of nations for potential dis- 
covery of new deposits. The search for new deposits 
should be nationwide and not just restricted to the 
West. Perhaps one of the greatest silver anomalies 
in the United States is in southeast Missouri, and 
the Appalachian Mountain belt contains many silver 
occurrences of many geologic varieties. Large parts 
of Alaska are favorable for silver deposits, but the 
limited accessibility has discouraged intensive ex- 
ploration. The Western United States has so many 
districts that it is still considered prime “prospect- 
ing ground.” 

Perhaps one of the most promising of the specu- 
lative resources which includes silver is the possi- 
bility that massive sulfides of the Japanese Kuroko 
type may occur in the young volcanic belt of the 
Aleutian Island chain of western Alaska, and along 
the adjacent mainland. Geologically, this volcanic 
region is almost ideal for Kuroko-type volcanogenic 
massive sulfide deposits, and such deposits should be 
present somewhere in this long chain of islands. 

The geology of the German and Polish copper 
shales should be studied as examples in the search 
for similar shales in the United States. The Euro- 
pean shales lie in a Permian saline basin with per- 
meable sandstones above and below. Beneath them in 
the basins are thick salt, potash, and gypsum-anhy- 
drite beds. During deposition the basins were shal- 
low and were surrounded by subdued metamorphic 
uplands that contained many mineral deposits. The 
copper shales are in thin beds (6-8 in. thick) of 
black carbonaceous shale that are mineralogically 
zoned and that grade laterally into lead-, zinc-, and 
silver-rich strata. Copper shales containing silver 
are now mined in southwest Oklahoma. Similar cop- 
per shales may occur unrecognized in many other 
places in the United States where shallow, nearly 
closed basins previously existed. 

More than half the Basin and Range province is 
covered by alluvial deposits; many of the basins are 
largely pediment surfaces with thin gravel covers, 
beneath which much of the geology is similar to that 
of the adjacent mountain ranges. Many different 
kinds of silver-bearing deposits could exist in these 
basins at shallow depths. Exploration problems to be 
solved are much like those of glacial drift-covered 
shield areas. At present, geochemical prospecting is 
one of the best tools for finding them. 

Large Precambrian shield regions are covered by 
thin glacial deposits and thin Paleozoic sedimentary 
covers in northern New York, central and northern 
Wisconsin, upper Michigan, northern Minnesota, 
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and eastern South Dakota. For years the geology of 
central and northern Wisconsin was shown as a 
great green undifferentiated area on the State geo- 
logic map because of the thick glacial cover and the 
sparseness of outcrops. This map (now being re- 
placed) did not show the detailed and meticulous 
unpublished surveys of the geology completed prior 
to 1920. Dutton and Bradley (1970), in cooperation 
with the Wisconsin Geological and Natural History 
Survey, compiled maps and field-checked the out- 
crops indicated by the old unpublished notes. Several 
metavoleanic belts were delineated, and in them, 
large massive sulfide copper deposits have been 
found. Similarly, detailed mapping by Brown (1970) 
located a small deposit of sphalerite in a marble 
belt west of Balmat, N.Y., in the same rock as the 
major Balmat-Edwards zinc-lead deposits. Outcrops 
of the Balmat and Edwards ore bodies were quite 
small and not very promising (J. S. Brown, oral 
commun. to Heyl, 1967). Discoveries of similar small 
outcrops of mineral deposits in the region could lead 
to the discovery of major new ore bodies. Similar 
studies are warranted in the other Precambrian 
shield areas of the United States. 

The Carlin-type epithermal gold deposits are near- 
ly unrecognizable in the outcrop, as no gossans 
exist in the slightly altered limestones. At Mercur, 
Utah, a similar deposit produced much gold ore, but 
also some silver ore. Carlin-type epithermal silver 
ores may occur elsewhere in Utah, Nevada, Arizona, 
and New Mexico. They can be found only by careful 
geochemical analysis of slightly altered limestones 
and shales. 

Because of the major importance of porphyry 
copper deposits as a source of silver, the reader is 
referred to the excellent discussion of speculative 
resources of porphyry copper in the “Copper” chap- 
ter of this volume. Almost all outcropping deposits 
in the Western United States have probably been 
tested, but the recent discovery at Catheart Moun- 
tain, Maine, suggests that a whole new eastern belt 
of porphyry copper deposits is possible in the Appa- 
lachian Mountain belt from Newfoundland to Ala- 
bama; and recent discoveries in Puerto Rico and 
Panama point to new regions of possible discoveries 
in the Caribbean. 

The andesitic belts of the United States should be 
geologically mapped and reexamined for silver- 
bearing deposits. Ancient Precambrian belts of the 
West and Midwest should be located beneath glacial 
drift and the thin capping of Paleozoic sedimentary 
rocks. The use of statistical geochemical prospecting, 
geologic drilling, and the tracing of glacial boulder 
trains are also suggested. Where this has recently 
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been done, as in north-central Wisconsin, some im- 
portant discoveries have been made. 

During the 1960’s, a large, low-grade disseminated 
silver deposit was explored by drilling and trenching 
in faulted areas in the Miocene Barstow Formation 
and in the formation at Burcham in southern Cali- 
fornia. The exploration work indicates the potential 
for large, low-grade silver deposits that could be 
mined at low cost in the vicinity of the former 
bonanza epithermal deposits. Such deposits may 
occur in other places in the West and they constitute 
a potential for large-scale mining during periods of 
good silver prices. 

The sandstone silver deposits at Silver Reef, Utah, 
were worked only to the ground-water table. If they 
are variants of the Colorado Plateau uranium de- 
posits, as the geology indicates, the deposits could 
change into primary silver sulfide ore below the 
water table. The mineralogy and form of this hypo- 
thetical primary ore is unknown, but if it is similar 
to Plateau uranium ores, it should be in blankets and 
rolls, should be similar in grade to the ore above the 
water table, and should be concentrated in fluvial 
channels near pyrite concretions and carbonaceous 
trash pockets. 

The discovery of many mixed base- and precious- 
metal massive sulfide deposits in Ireland in the 
1960’s indicates a strong possibility that similar 
ores occur in the almost identical geologic setting 
along trend in Scotland and northern England. Simi- 
larly, if continental drift and ocean-floor spreading 
is a valid concept, Newfoundland should have many 
more lead-zinc-silver massive sulfides than have 
already been found. Boulders of massive sulfide ore 
are common in the glacial drift derived from the 
interior of the island. 

The work of Hewett and his associates (Hewett, 
1968; Hewett and others, 1965; Hewett and Radtke, 
1967) on primary epithermal manganese-calcite and 
manganese-silver deposits has indicated the likeli- 
hood of finding silver ores under many of the west- 
ern (and some Appalachian) epithermal manganese 
oxide deposits. Similarly the Walton, Nova Scotia, 
barite deposits change to silver-copper-barite ores at 
depth. This change indicates that all eastern Tri- 
assic barite, as well as all copper and manganese 
deposits in the United States, should be reexamined 
with a similar possibility in mind. 

Another potential source of silver and base metals 
is the mineralized sediments that occur in thermal 
deeps, such as the Red Sea basin (Degens and Ross, 
1969). According to Bischoff and Manheim (1969, 
p. 535), the uppermost 10 meters of the Atlantic 
Deep in the Red Sea contains 50 million tons of 
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mineral-bearing sediment averaging 1.6 ounces of 
silver, 3.4 percent lead, 1.3 percent copper, and 0.10 
percent zine. Old basins that had similar hot-spring 
activity, such as the Mississippi River embayment of 
the Coastal Plain and the Salton Sea region in the 
Gulf of California, should be reexamined for possi- 
bilities of similar deposits. 


PROBLEMS FOR RESEARCH 


Without question, major new resources of silver 
can be located and developed in the United States if 
the need increases, if prices for silver and other 
metals improve, and if the general industrial climate 
is favorable for the production of silver. The present 
decline in silver production will probably continue 
for years, however, until new, more efficient mining 
methods and cleaner recovery methods are developed. 
The smelters that have closed, or are about to close, 
are old and obsolete, and are almost impossible to 
bring up to present environmental-control standards. 
New wet methods and bacterial recovery methods 
may be part of the answer to cleaner recovery meth- 
ods, if the silver is recovered along with base metals, 
but some of the answer must be in new smelters in 
which controls for fumes and ash are built in when 
the plant is constructed. A tall stack to catch the 
dust and disperse the fumes is no longer a sufficient 
control. 

The recent emphasis in mining methods has been 
on mass production from huge open pits that are 
largely permanently destructive to large acreages of 
land in the West, even if partly reclaimed. Yet some 
of the largest, most efficient, lowest cost mines in the 
country are underground operations, which if prop- 
erly planned have much fewer permanent environ- 
mental problems. Further improvements and break- 
throughs are needed in techniques of underground 
mining, and the surface plants should be made at- 
tractive and relatively permanent, as they are in 
most European countries and in Japan. 

The mineralogy and accepted natural occurrences 
of silver should be reevaluated. Silver minerals are 
notably difficult to identify in the field and by the 
older mineralogic methods. In part, this is because 
they commonly occur in microscopic-size crusts, 
grains, and inclusions. Silver-free and silver-rich 
types of sphalerite, galena, tetrahedrite, and copper 
sulfides look alike. Analysis is commonly the only 
way to determine the presence of silver, and sensi- 
tive methods like atomic absorption or the electron 
microprobe must be used to detect trace amounts. 

Traditionally, ores rich in galena, chalcopyrite, 
tetrahedrite, and mixed complex sulfide and sulfosalt 
ores are analyzed for silver, whereas sphalerite, 
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pyrite, smithsonite, and chalcocite ores are not gen- 
erally so analyzed. Silver-rich sphalerite is mined 
in southeast Missouri and in the Nigadoo mine in 
the Bathurst district of New Brunswick; silver-rich 
chalcocite is mined at White Pine, Mich., and is com- 
mon in the sandstone chalcocite ores of Connecticut 
and near Walton, Nova Scotia. Silver-rich pyrite was 
thrown on the dumps of the Milan massive sulfide 
mine in New Hampshire; silver-rich smithsonite 
ores were found in several districts in Colorado, 
Utah, Nevada, and California, but the silver was 
seldom recovered because the silver content was not 
recognized. Analyses for silver should be made in 
these and in many other common minerals from the 
waste material in old mining districts as well as in 
all new discoveries. 

Minerals bearing silver, such as the manganese 
oxides, or chlorides, iodides, and bromides, have been 
automatically classed as supergene minerals wher- 
ever found. Hewett (1968) has shown that hypo- 
gene silver-manganese oxide minerals are common 
at one locality, and they have been identified else- 
where in the West (Hildebrand, 1967). Cerargyrite, 
embolite, and other silver halides theoretically could 
be deposited as hypogene minerals as well as super- 
gene; these minerals are notably difficult to identify. 
They might occur in closed lake basins where chlo- 
ride brines are present to precipitate silver from sil- 
ver-bearing hot-spring solutions, such as those found 
at the edge of the Salton Sea in southern California. 

As the lead-zine industry becomes increasingly 
dependent on eastern low-cost silver-lean lead and 
zine, silver production will probably depend increas- 
ingly on copper-silver deposits of the several types 
and upon silver-rich ores in which silver is the main 
product. With the gap increasing between silver 
production and consumption, another search for epi- 
thermal silver deposits is probably warranted, using 
the newly developed geochemical and geophysical 
prospecting techniques. 

The recovery of more byproducts will help sup- 
port production of marginal ores. Valuable elements 
now wasted, such as manganese, bismuth, germani- 
um, tellurium, and tin, as well as silver might 
be recovered by new and better metallurgical 
techniques. 
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ABSTRACT OF CONCLUSIONS 


Sulfur, an element in wide industrial use, currently is 
mined or recovered in the United States from elemental sul- 
fur deposits associated with evaporites, from sulfur-bearing 
petroleum and natural gas, and from sulfide ores. The ele- 
ment also occurs as a constituent in bedded gypsum and 
anhydrite, coal, tar sands, and oil shale, as well as in 
voleanie deposists, none of which is being used at present 
as a domestic source of sulfur. Reserves are appreciable and 
resources are vast, not only in the United States but in 
many other parts of the world. 

Elemental sulfur is formed as a product of anaerobic 
bacterial activity wherever both sulfate ions and organic 
material are abundant; therefore, areas of potential sulfur 
discovery include anhydrite units in any petroliferous 
evaporite basins. Most accumulations of petroleum and 
natural gas high in sulfur content also are found in evapo- 
rite basins. Sulfide ores, in contrast, occur in a wide variety 
of rocks in all parts of the world. Volcanic sulfur occurs 
mostly in the circum-Pacific belt, but it also has been found 
in voleanoes extending from the Mediterranean to the Hima- 
laya Mountains. 

Most countries contain sulfur-bearing accumulations in one 
form or another, but few contain large deposits of elemental 
sulfur. The extraction of sulfur from such accumulations in 
any given country depends largely upon recovery costs, 
which must be competitive with the prevailing world price 
of elemental sulfur. 


INTRODUCTION 


Sulfur, a soft yellow mineral that melts at 113°C, 
has broad industrial use. Most sulfur is used in the 
manufacture of sulphuric acid, and only a relatively 
small amount is used in elemental form, as sulfur 
dioxide, or as carbon disulfide. The world’s sulfur 
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reserves and resources are irregularly distributed; 
the commodity, therefore, moves in large tonnages 
in international trade (Ambrose, 1965; Lewis, 1970; 
Lundy, 1949; and Fogarty and Mollison, 1960). 

In approximate order of increasing cost of mining 
or recovery, the following raw materials provide 
most of the world’s sulfur and sulfuric acid supply: 


1. Elemental sulfur deposits in evaporite rocks. 
2. Hydrogen sulfide contained in sour natural 


gas. 
38. Organic sulfur compounds contained in 
petroleum. 


4. Massive deposits of pyrite. 
5. Elemental sulfur deposits in volcanic rocks. 
6. Ores of metallic sulfide minerals (Cu, Zn, Pb, 
Ni, Mo). 
Additional large resources of sulfur occur in the fol- 
lowing minerals or compounds: 
7. Beds of the calcium sulfate minerals, anhy- 
drite and gypsum. 
8. Organic sulfur compounds in tar sands. 
9. Organic sulfur compounds and pyrite in coal 
beds. 

10. Organic sulfur compounds and pyrite in oil 

shale and shale-rich organic matter. 

Approximately one-quarter each comes from ele- 
mental sulfur, massive pyrite, and sulfur in oil and 
gas. Only the elemental deposits in evaporites or in 
volcanic rocks are mined solely for their contained 
sulfur. Pyrite deposits can be mined for their sulfur, 
as the chief product or as coproducts or byproducts 
from the production of iron and other metals. Sulfur 
is recoverable from all the other types of deposits 
only as a byproduct or coproduct that can be used 
directly in acid manufacture or converted to ele- 
mental sulfur for shipment elsewhere. Sulfur con- 
tained in the last seven types of raw materials, how- 
ever, commonly is lost to the atmosphere either dur- 
ing processing or through use of the primary 
product. 

Sulfur and its chemical compounds are used in 
virtually every segment of the world’s industrial and 
agricultural complexes, as shown by the almost per- 
fect parallelism between the Federal Reserve Board 
index of U.S. industrial production and the sulfur 
demand index (Landsberg and others, 1963). Prin- 
cipal uses in the United States are in the manufac- 
ture of soluble fertilizers, synthetic fibers, plastics, 
papers, pigments, explosives, petroleum products, 
drugs, and insecticides; sulfur compounds also are 
used to leach ores and recover metals, vulcanize rub- 
ber, and condition soils. The physical properties of 
elemental sulfur, including its low thermal conduc- 
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tivity, high strength, and resistance to acids, suggest 
potential uses as a versatile construction material 
(Vroom, 1971). Sulfur should be applied to soils in 
far greater quantities in many parts of the world to 
balance chronic sulfur deficiencies. 

Sulfuric acid can be replaced by other common 
acids in many processes, but its low price makes 
large-scale substitution unlikely. 

The United States has an adequate reserve of low- 
cost sulfur minerals and compounds and large to 
great resources of moderate- to high-cost sulfur- 
bearing compounds. In recent years, production, at 
about 9 million long tons, has exceeded consumption, 
the balance accumulating in producers stocks. Since 
World War II, the amount of sulfur rescovered from 
natural gas and petroleum has been increasing 
steadily, and present efforts to maintain cleaner air 
will result in even greater recovery of sulfur from 
all sources. 


EXPLOITATION 


It is anticipated that U.S. consumption of sulfur 
will grow at a rate of 4—5 percent per year, reaching 
perhaps 30 million tons annually by the year 2000, 
or about three times the present rate (Hazleton, 
1970; Lewis, 1970). 

The earliest demand for sulfur in the United 
States was met by imports of pyrite for acid manu- 
facture and of Sicilian sulfur for nonacid uses. 
Shortly after 1900, Frasch mining of caprock sulfur 
deposits became commercially successful; and in the 
following years, plants also were constructed to 
recover sulfuric acid from pyrite deposits and base- 
metal ores. The United States became self-sufficient 
in sulfur supply during World War I. Between World 
War I and World War II, most domestic sulfuric- 
acid plants were converted to use elemental sulfur 
as primary feed. Following World War II, sulfur 
was recovered in increasingly larger amounts from 
sour natural gas and from petroleum. Currently, 
base-metals smelters are installing units to recover 
larger amounts of sulfuric acid from flue gases. (See 
figs. 67 and 68.) 

The United States was the major exporter of ele- 
mental sulfur to the free world from World War I 
until the 1950’s, when new sources were developed 
elsewhere: caprock deposits in Mexico (1954), ele- 
mental sulfur recovered from sour natural gas in 
France (1958) and in Canada (1960), and sulfur 
deposits in evaporites in Poland (1968). Since 1960, 
sulfur or sulfuric acid has been recovered in increas- 
ing amounts from new units in oil refineries in all 
parts of the world. The United States consequently 
lost its position as the sole exporter of elemental 
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FIGURE 67.—Total sulfur production and production, imports, and exports of elemental sulfur of the United States, 1900- 
70. Data from U.S. Bureau of Mines. 


sulfur and faced increasing competition for its do- 
mestic markets from Mexican and Canadian suppli- 
ers. By 1968, U.S. exports and imports were about in 
balance. 

The present excess of free-world productive ca- 
pacity probably will be balanced in about a decade by 
the steady rise in the demand for sulfur. During this 
period, however, competition for markets will be 
intense and sulfur prices will be low. After a balance 
is achieved, sulfur will be recovered in larger 
amounts from sources now classed as subeconomic, 
including perhaps those in coal, gypsum, tar sands, 
and oil shale. 


GEOLOGIC ENVIRONMENT 


GEOCHEMISTRY 


The average sulfur content of igneous rocks is 520 
ppm (parts per million), 13th in order of abundance 
among all elements. In molten rock, sulfur occurs as 
the sulfide ion and combines most readily with metal- 


lic ions, but it also combines with available hydrogen 
or oxygen. Sedimentary rocks contain larger 
amounts of sulfur: sandstone averages 2,000 ppm, 
shale 2,600 ppm, and limestone 1,100 ppm. In the 
presence of abundant oxygen, the sulfide ion is oxi- 
dized to the sulfate ion, in which form it is contained 
in the hydrosphere. Sulfur is necessary in trace 
amounts to all plant and animal life and is constant- 
ly being absorbed and released during biologic 
cycles. Sulfur thus circulates in both inorganic and 
organic cycles and is both ubiquitous and mobile in 
all parts of the lithosphere, hydrosphere, atmos- 
phere, and biosphere (Rankama and Sahama, 1950). 


THE INORGANIC CYCLE 
Sulfur is brought into the earth’s crust by molten 
rock rising from the mantle and combines near the 
surface with iron and other metallic elements to 
form the common sulfide minerals or, if oxygen is 
available, to form sulfates. Where molten rock 
reaches the surface to erupt volcanically, its sulfur 
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FIGURE 68.—Production of sulfur contained in pyrites, recovered from petroleum and natural gas, and recovered from base- 
metal ores, United States, 1900-70. Data from U.S. Bureau of Mines. 


may (1) combine with hydrogen and be expelled 
into the atmosphere as hydrogen sulfide gas, (2) 
combine with oxygen and be expelled as sulfur diox- 
ide gas (the two gases can react and produce ele- 
mental sulfur), or (3) combine with metals and 
form metallic sulfides. 

Exposure to atmospheric oxygen breaks down 
most sulfide minerals to relatively soluble sulfate 
minerals. Ground and surface waters leach the sul- 
fate minerals and carry their salts to the sea, where 
the sulfate ion has accumulated in a concentration of 
2,650 ppm. 

Where restricted arms of the sea spread over con- 
tinents during periods of aridity, sea water evapo- 
rates and becomes increasingly saline, resulting in 
successive precipitation of calcium carbonate as 
limestone, calcium sulfate as gypsum, and sodium 
chloride as common salt. Owing to seasonal and 
longer range climatic variations, alternating layers 
of the different evaporites may precipitate. Vast 
amounts of calcium sulfate as gypsum have been 
withdrawn from the sea in the course of geologic 
times (Borchert and Muir, 1964). 

THE ORGANIC CYCLE 

Sulfur is an essential constituent of certain pro- 

teins and fats needed by plants and animals; plants 


utilize it as sulfate ions from soils, ground water, or 
sea water. Animals obtain their sulfur from water 
or by consuming plants or other animals. Upon death 
and decay, the reduced sulfur is released; on land it 
enters soils or humic compounds or is emitted into 
the atmosphere; in seas, it reenters the sea water. 
The cycle is balanced in the sea, but on the land, 
sulfur is lost both to the atmosphere and to the sea 
through the leaching of soil and humins by surface 
waters. 

Bacteria use sulfur compounds in metabolism; 
some bacteria reduce sulfates, others oxidize sulfides 
either to sulfates or to elemental sulfur, and still 
others oxidize elemental sulfur (Davis, 1967). In 
aerated environments the bacterial sulfur cycle tends 
to be complete and balanced, but in anaerobic en- 
vironments the reactions result in only reduction of 
sulfate ions. The reduction of sulfate is accomplished 
largely by one species, Desulfovibrio desulfricans, an 


' anaerobe found in stagnant marsh waters, tidal flats, 


oxygen-deficient bottom waters of seas and oceans 
and in ground water, oil field brines, and petroleum, 
to depths as great as 5,000 feet below land surfaces. 
This anaerobe is limited to environments having 
temperatures less than 165°F. 

Desulfovibrio uses dead organic matter, be it 
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plant, wood, or animal, and both liquid and gaseous 
hydrocarbons as a source of carbon and hydrogen; 
at the same time it uses sulfate ions to provide it 
with oxygen and sulfur. It expels waste carbon di- 
oxide and hydrogen sulfide. It thus converts sulfate 
waters to carbonate waters and should calcium be 
available a biogenic variety of limestone may he 
generated. The hydrogen sulfide can leak into the 
atmosphere, be retained in rocks at depth, combine 
with organic material to form organic sulfur mole- 
cules, or combine with available metallic ions to form 
sulfide minerals. 

The activities of sulfate-reducing bacteria are 
probably responsible for most of the iron sulfide 
minerals in sedimentary rocks of all ages. They 
probably generated most of the sulfur compounds in 
petroleum, asphalt, kerogen, and coal, and the hydro- 
gen sulfide contained in sour natural gas (Thode and 
Monster, 1965). The tonnage of sulfur in the world’s 
beds of gypsum and anhydrite may be exceeded by 
the total tonnage of sulfur in other sedimentary 
rocks and fossil fuels. The hydrogen sulfide now be- 
ing generated by sulfate reducers provides a major 
source of the sulfur compounds emitted into the 
atmosphere. 

Biogenic hydrogen sulfide also has formed several 
types of ore deposits. It has been suggested that 
bacteria generated the hydrogen sulfide that reduced 
soluble salts and precipitated minable concentrations 
of uranium. Where these bacteria had a source of 
hydrocarbons and ample anhydrite rock, they cre- 
ated masses of biogenic limestone impregnated with 
elemental sulfur, which form the principal elemental 
sulfur deposits of the world. 


ATMOSPHERIC CIRCULATION 


Sulfur compounds are constantly circulating in 
lithosphere, the biosphere, the atmosphere, and the 
hydrosphere. Some 550 million tons of sulfur com- 
pounds, calculated as sulfate-ion equivalent, are 
thought to be emitted into the atmosphere and re- 
turned to the earth’s surface annually (Kellogg and 
others, 1972). A comparable tonnage of dissolved 
sulfate is carried annually by the world’s rivers to 
the oceans. 

More than half the sulfur emitted into the atmos- 
phere results from biologic decay, and about one- 
quarter each is attributed to windblown sea salt 
and to manmade pollution; only some 2 million tons 
of sulfate-ion equivalent is attributed to volcanic 
activity. About 60 percent of the total emission, some 
330 million tons, is thought to fall back on the 
world’s landmasses. Atmospheric fallout of sulfur 
compounds replenishes the sulfur supply needed by 
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plants, but it settles unevenly on landmasses. The 
available statistics also indicate that substantially 
more sulfur is being carried by streams and rivers 
to the seas than is being replenished by atmospheric 
fallout. Soils in many parts of the world thus are 
being depleted of the sulfur needed to sustain opti- 
mum plant growth. 

DEPOSITS AND RECOVERABLE ACCUMULATIONS 

INORGANIC SULFUR 

Excluding the very small tonnage of elemental sul- 
fur extracted from volcanic deposits and an even 
smaller tonnage extracted for only a brief period 
from one gypsum deposit, sulfur in deposits of in- 
organic origin has been recovered in the United 
States only as a byproduct or a coproduct of the 
mining and smelting of the sulfide ores of metallic 
minerals. 


VOLCANIC DEPOSITS 


Gases and acids escaping from volcanoes convert 
silicate minerals of lava and ash to clay, silica, and 
sulfate minerals. Any reaction between escaping 
hydrogen sulfide and sulfur dioxide produces ele- 
mental sulfur, which is deposited as replacements, 
impregnations, and vein fillings in such altered ma- 
terial. The resulting sulfur-bearing masses are apt 
to be irregular in size, shape, and grade. The gangue 
of altered material must be removed, a relatively. 
costly process, so volcanic sulfur is mined in the 
United States only when the price of sulfur is high. 

Pyrite is generated in volcanic vents by a reaction 
between hydrogen sulfide and iron. Pyrite may be 
deposited as disseminations or masses in the altered 
rock and is minable as a sulfur ore in some parts of 
the world. 

Elemental sulfur also is deposited by hot 
springs, probably the result of near-surface oxida- 
tion of hydrogen sulfide emissions. Gangue consists 
of altered rock and various minerals precipitated by 
the springs. Most such deposits are low in grade and 
have rarely been mined. 

Volcanic deposits of sulfur are known in Cali- 
fornia, western Nevada, and Alaska, and hot-spring 
deposits occur in various Western States. 


HYDROTHERMAL SULFIDE DEPOSITS 


When molten rocks crystallize at depth, some of 
their metals and sulfur are concentrated in hydro- 
thermal solutions and ultimately deposited as dis- 
seminations, masses, or veins either within or out- 
side the cooling masses, thus forming sulfide ore de- 
posits of copper, molybdenum, lead, zinc, and other 
metals. During the smelting of such ores, the sulfide 
is converted into gaseous sulfur dioxide which, with 
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appropriate smelting techniques and installations, 
can be recovered and converted to sulfuric acid or, 
at a greater cost, to elemental sulfur. Sulfide ore 
deposits thus are actual or potential sources of recov- 
erable sulfur compounds. 

The geology of metallic-sulfide deposits is de- 
scribed in other chapters of this volume, but mention 
should be made here of masses of pyrite and pyrrho- 
tite deposited from hydrothermal solutions, general- 
ly containing only small amounts of metals other 
than iron. In some parts of the world, such iron sul- 
fides are roasted to provide sulfur dioxide used in 
sulfuric-acid manufacture; iron and any accompany- 
ing metals may be recovered as coproducts. Only one 


such mass of pyrite in the United States (Ducktown,, 


Tenn.) is exploited as a large supplier of sulfuric 
acid, but it contains sufficient values of copper and 
other metals to be classed as a base-metal deposit 
(Kinkel and others, 1968). The resources of sulfur 
contained in other masses of pyrite that have little 
or no base metals occur mainly in Hastern States, 
less commonly in Western States, and in Alaska (Hs- 
penshade and Broedel, 1952). The deposits are rela- 
tively large and probably will be utilized after lower 
cost sources of sulfur are exhausted. 


GYPSUM 


Gypsum deposited during the evaporation of sea 
water forms beds that may contain layers of calcite 
or dolomite, and may contain beds of clay, silt, or 
sand derived from surrounding arid lands. When 
buried, gypsum (CaS0O,°2H.0O) loses its water of 
crystallization and is converted to anhydrite 
(CaSO,). In contact with ground water, anhydrite 
reconverts to gypsum. The transformation has been 
noted at depths ranging from several tens of feet to 
about 1,000 feet. 

Gypsum and anhydrite are widespread in the 
United States. (See chapter on ‘“Evaporites and 
Brines”.) Reserves and resources are vast, but it is 
not known what fraction is sufficiently pure to be 
used as a raw material for production of sulfuric 
acid or elemental sulfur. The one plant designed to 
produce elemental sulfur from gypsum, near Van 
Horn, Tex., was supplied from a large reserve of 
very pure gypsum, virtually free of interbedded car- 
bonates and clastic material. The explored block, still 
nearly intact, is in the upper part of the Castile Gyp- 
sum, a unit of Permian age in the Delaware Basin of 
west Texas (Jones, 1954; and Adams, 1969). 

The cost of converting gypsum or anhydrite to sul- 
furic acid or elemental sulfur is well above the cost 
of mining elemental sulfur or recovering sulfur from 
hydrocarbons or metallic ores. It can nonetheless be 
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a future source of our sulfur supply after lower cost 
raw materials now available are mined out. 


ORGANIC SULFUR 


The conversion of sulfate ions to sulfide ions by 
anaerobic bacteria produced the chief sources of sul- 
fur now minable at lowest cost, particularly the ele- 
mental sulfur deposits in accumulations of evaporite, 
the organic sulfur contained in petroleum, and the 
hydrogen sulfide associated with sour natural gas. 
Even greater tonnages of sulfur compounds of the 
same derivation are locked in coal, oil shale, and tar 
sands (Theobald and others, 1972; and Duncan and 
Swanson, 1965). 


ELEMENTAL SULFUR DEPOSITS 


Bacterial attack on anhydrite produces lenses of 
limestone impregnated with elemental sulfur. Such 
deposits are formed in two stages: the first resulting 
in the formation of masses of porous, vuggy medium- 
grained gray limestone and the second in the forma- 
tion of coarsely crystalline white calcite and ele- 
mental sulfur deposited within the pores and open- 
ings in the limestone (Hanna, 1934). Very small 
amounts of selenite, barite, and celestite may be 
deposited later. The reactions theoretically produce 
1 ton of sulfur for every 3 tons of calcite, or an ore 
containing nearly 25 percent sulfur, but no lime- 
stone lenses contain this theoretical amount because 
hydrogen sulfide is so highly mobile and tends to 
escape from its zone of generation. The grade, porosi- 
ty, and permeability of deposits differ over a sub- 
stantial range. 

Elemental sulfur deposits of this type are associ- 
ated with anhydrite caprocks of probable Cenozoic 
age overlying salt diapirs in the gulf coast and also 
occur in widespread sequences of anhydrite of Per- 
mian age in west Texas. In both areas, deposits range 
from small pockets containing several thousand tons 
to large accumulations containing tens of millions of 
tons of sulfur. The Boling Dome deposit, Texas, the 
largest in the gulf coast, underlies an area of 1,500 
acres and has yielded 70 million tons of sulfur to 
date; the Culbertson property deposit, the largest in 
west Texas, is said to contain about 80 million tons 
of sulfur underlying an area of 1,200 acres. The 
depth of minable sulfur deposits has ranged from 
400 to 3,200 feet. Some 30 deposits are known in the 
gulf coast, many of them mined out, and perhaps 10 
have been found as the result of recent exploration 
in west Texas (Hawkins and Jirik, 1966; Ellison, 
1971; and Zimmerman and Thomas, 1969). Twelve 
such deposits currently being mined supply about 75 
percent of the sulfur produced in the United States. 


SULFUR 


A specific sequence of geologic events must take 
place, and specific geologic conditions must be met 
before sulfur deposits can form; should any one ele- 
ment be missing, sulfur mineralization will not oc- 
cur. Both in the gulf coast and in west Texas, the 
basic conditions needed for sulfur mineralization are 
(1) solution of evaporite minerals, forming porous 
ground, (2) migration of petroleum into the pre- 
pared ground, (3) generation and retention of hy- 
drogen sulfide gas within the formation, and (4) 
oxidation of the hydrogen sulfide to elemental sul- 
fur. The required geologic steps differ between the 
gulf coast and west Texas, as described in the fol- 
lowing paragraphs. 


GULF COAST 


Preparation of the ground in the gulf coast en- 
tailed formation of lenses of anyhdrite over the 
upper surfaces of salt diapirs, which consist of im- 
pure rock salt containing only several percent anhy- 
drite. Ground water dissolved the salt at the upper 
surfaces of the diapiric masses, permitting residual 
accmumlation and subsequent lithification of the less 
soluble anhydrite. Anhydrite accumulated in appre- 
ciable thicknesses only where aquifers intersected 
the apexes of salt diapirs and where the rate of up- 
ward flow of rock salt was equalled by the rate of 
salt solution, providing stable surfaces upon which 
the anhydrite could accumulate. Conditions favor- 
ing caprock development differed widely, inasmuch 
as anhydrite lenses range in thickness from a few 
feet to more than 1,000 feet; more than one-third of 
the 190 diapirs in the gulf coast are overlain by less 
than 200 feet of anhydrite, thicknesses inadequate 
to permit formation of sulfur deposits of commer- 
cial size (Taylor, 1938; Goldman, 1952; Murray, 
1961; Halbouty, 1967; Bodenlos, 1970). 

During their intrusion, salt masses dragged sur- 
rounding strata upward and produced structures 
favoring migration of hydrocarbons toward the 
diapirs. Hydrocarbons entered most, but not all, 
caprocks partly because oil sands do not underlie the 
entire diapiric province, and partly because petro- 
leum was too tightly held in peripheral traps to have 
escaped in quantity. As a result, biogenic limestone 
produced by bacterial attack overlies anhydrite as 
lenses ranging from a few to hundreds of feet in 
thickness. 

Hydrogen sulfide was retained and oxidized to ele- 
mental sulfur only where host caprocks were over- 
lain by thick beds of impermeable clay or mudstone. 
Caprocks barren of sulfur are overlain either by 
thin beds of clay or directly by porous sandstone, 
which permitted hydrogen sulfide to escape. 


611 


The incidence of sulfur deposits in the gulf coast 
indicates how infrequently all steps leading to their 
generation are met. Of the 190 salt diapirs in the 
gulf coast, the caprocks of only 18 contained ore 
bodies yielding more than 1 million tons of sulfur; 
another three or bodies opened more recently un- 
doubtedly contain ore bodies of substantial size. 

Although the structures produced by intrusion of 
salt diapirs favor migration of ground water and 
hydrocarbons toward the salt masses, the critical 
factors needed to produce sulfur deposits seem to be 
stratigraphic—permeable strata are needed up to 
the apexes of diapers to permit the flow of fluids, 
whereas impermeable strata are needed above cap- 
rocks to retain hydrogen sulfide. It seems unlikely 
that sulfur deposits can form in stratigraphic se- 
quences uniformly coarse grained or uniformly fine 
grained and impermeable. 


WEST TEXAS 


The sulfur deposits in west Texas occur in thick 
extensive units of bedded anhydrite of evaporite 
origin that underlie the entire Delaware Basin and 
adjacent platforms. As bedded anhydrite is one of 
the least permeable of rocks, greatly inhibiting 
movement of ground water and hydrocarbons, 
ground was prepared for sulfur mineralization by a 
sequence of events differing from that in the gulf 
coast. Evidently all deposits in west Texas were 
formed in lenses or chimneys of anhydrite collapse 
breccia, so it seems probable that ground water 
moved upward along joints or faults from underly- 
ing aquifers and dissolved anhydrite at the base of 
the evaporite units. This solution process produced 
an underground, cavernous karst system, into which 
overlying anhydrite collapsed. Hydrocarbons as- 
cending along the same fissures from underlying oil 
sands then penetrated the breccias, and the broken 
anhydrite was altered through bacterial activity to 
a fine- to medium-grained gray limestone. There- 
after, white calcite and elemental sulfur were de- 
posited in the breccia voids and in the pores of the 
gray limestone (Davis and Kirkland, 1970; Hinds 
and Cunningham, 1970; McNeal and Hemenway, 
1972). 

Some mineralized breccia masses are confined to 
the lowermost parts of the anhydrite units, but 
others extend as chimneys completely through them, 
impinging against overlying carbonate or clastic 
beds. Chimneys breaking through anhydrite units 
exposed at the surface produced swallow holes that 
diverted surface drainage, and the voids in the brec- 
cia became clogged with very fine to coarse-grained 
alluvium. In the west Texas deposits, the seals 
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needed to retain hydrogen sulfide in breccia masses 
until the gas was oxidized to elemental sulfur differ 
from deposit to deposit, consisting either of over- 
lying anhydrite, overlying impervious strata, or of 
alluvial clay and silt within the breccia masses. Not- 
withstanding, many limestone breccia masses are 
barren of sulfur, indicating that they were not 
sealed against loss of hydrogen sulfide gas. 

The location of west Texas sulfur deposits seems 
to have been controlled largely by structure. Depos- 
its lying near the southwest side of the Central 
Basin Platform occur in anticlinal highs, whereas 
those in the western part of the Delaware Basin 
seem to occur along or near lineaments that may 
represent faults of small displacement. Notwith- 
standing, no clear-cut controls have been found that 
satisfactorily explain the location of the huge de- 
posit in Culbertson County. 


SULFUR-FORMING REACTIONS 


Regarding the chemical reactions that produced 
the deposits, it is generally agreed that anaerobic 
bacteria reduced the sulfate ions of anhydrite. Views 
differ, however, on the manner in which hydrogen 
sulfide is oxidized to elemental sulfur. Three possi- 
ble reactions have been proposed: (1) inorganic re- 
action between the gas and calcium sulfate mole- 
cules: (2) oxidation of the gas by free oxygen car- 
ried in ground water; and (8) oxidation of the gas 
by sulfide-oxidizing bacteria (Feely and Kulp, 1957; 
Davis and others, 1970; and Ivanov, 1968). With 
particular regard to sulfur deposits in the gulf 
coast, the second proposal seems to be unfeasible 
because ground waters there are nearly devoid of 
free oxygen; the required volumes of water would 
flush out the accumulated hydrogen sulfide before 
oxidizing any appreciable amount of that gas. Nor 
does it seem likely that aerobic, sulfur-oxidizing 
bacteria could coexist with anaerobic bacteria in 
the oxygen-deficient, hydrogen  sulfide-saturated 
solutions contained in cap rock. It thus seems that 
an inorganic reaction between hydrogen sulfide and 
calcium sulfate would be the most likely to occur. 
Although this reaction can proceed thermodynamic- 
ally only at slow rates, it produces both sulfur and 
a small amount of calcite, which in fact are de- 
posited together during the second stage of min- 
eralization. 


SULFUR ACCUMULATIONS IN HYDROCARBONS 


Bacterial attack upon sulfate ions in stagnant 
waters produces hydrogen sulfide that can combine 
with organic matter in the associated sediments; 
the sulfur-bearing molecules can then be incorpor- 
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rated into hydrocarbons formed from such parent 
material. Most crude oils, tar sands, asphalts, and 
organic-rich shales therefore contain sulfur even if 
only in low concentrations. The sulfur content of 
petroleum can range from traces to as much as 14 
percent, although crude oil containing more than 5 
percent sulfur is relatively uncommon. Two-thirds 
of the petroleum produced in the United States con- 
tains less than 1 percent sulfur, and only about 
one-tenth contains more than 2 percent sulfur (Mc- 
Kinney and Shelton, 1967). 

The geologic conditions leading to the wide range 
of sulfur in hydrocarbons are not well known. It 
can be assumed that coarser grained sediments will 
retain less hydrogen sulfide than finer grained sedi- 
ments. The concentration of sulfate ions available 
for reduction also can differ, being lowest in seas 
near the mouths of large rivers and highest in basins 
undergoing evaporation. Still another variable is the 
iron content of source beds and connate waters, 
which will determine how much hydrogen sulfide will 
be withdrawn from the system as iron sulfide. All 
these variables probably played a part in deter- 
mining how much sulfur was incorporated into the 
parent material of any given crude oil. 

As petroleum matured and migrated, heavier 
sulfur-bearing molecules could have been filtered 
out and hydrogen sulfide perhaps was generated as 
constituent molecules were reconstituted, both 
mechanisms leading to a reduction of sulfur content 
of the liquid fraction. Variations in sulfur content 
also have been noted within given oil pools, but in 
the aggregate all such changes can only modify the 
amount of sulfur originally accumulating with the 
parent organic material. 

The sulfur in tar sands is probably higher than 
the original concentration if it can be assumed that 
liquid and gaseous fractions containing less sulfur 
migrated elsewhere, whereas the sulfur in shales 
rich in organic matter must be that generated in 
place. 

Theories of origin for hydrogen sulfide in natural 
gas are diverse. Hydrogen sulfide and methane can 
be generated simultaneously in fresh-water swamps, 
for example, and perhaps both gases were distilled 
together as sulfur-bearing petroleum underwent 
chemical reconstitution at high pressures and tem- 
peratures. Sulfate ground water coming in contact 
with petroleum activates anaerobic bacteria and re- 
sults in generation of hydrogen sulfide, and the 
same reactions can take place where petroleum is 
trapped under beds of anhydrite. Although most 
sour natural gas contains only a few percent hydro- 
gen sulfide, some contains more than 80 percent of 
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that gas, undoubtedly the result of long-extended 
contact between petroleum and anhydrite. 


SULFUR ACCUMULATIONS IN COAL 

Reactions already described also occurred in 
swamps sufficiently stagnant to preserve as peat the 
organic matter contained in plants and trees, at the 
original sites of our present lignite and coal beds. 
Anaeorbic bacteria reduced any available sulfate 
ions and emitted hydrogen sulfide, which combined 
with organic material or was deposited as pyrite. 
Sulfur from this source augmented the traces of 
sulfur originally contained in the plant matter. In 
coal low in sulfur, the element largely is in organic 
molecules, whereas in coal high in sulfur, the ele- 
ment largely is in pyrite or marcasite. U.S. coals 
contain sulfur that ranges in amount from a trace 
to 7 percent (DeCarlo and others, 1966; Walker and 
Hartner, 1966). 

Most swamps in which coal formed in the United 
States lay close to sea level, so the slightest changes 
in levels produced widespread marine transgressions 
or regressions, either bringing in an abundant sup- 
ply of sulfate ions in sea water or bringing in fresh 
waters from land. Williams and Keith (1963) sug- 
gested that swamps transgressed by seas resulted 
in coals higher in sulfur than those which lay in 
areas of subsequent marine regression. Because sea 
water contains very little iron, only 2—20 parts per 
billion, marine transgression in itself cannot produce 
coal with high pyrite content; sources of iron from 
hinterlands behind coal-forming swamps also seem 
to be needed. It appears to be more than coincidental 
that most of our high-sulfur coals, those of Penn- 
sylvanian age in the Illinois and midcontinent fields, 
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were closest geographically to the iron-formations 
and iron deposits of Wisconsin, Michigan, and Min- 
nesota. Conversely, coals lowest in sulfur content, 
those in our western fields, seem to have been de- 
posited in environments in which seas were excluded 
by offshore bars and concurrently were at some dis- 
tance from any terrane high in iron. 


RESOURCES 


The world’s total resources of sulfur are vast, but 
only a fraction is minable or recoverable now at 
competitive prices (Hazleton, 1970; Ambrose, 1965; 
Lewis, 1970; British Sulphur Corp., 1966; President’s 
Materials Policy Comm., 1952; Little, 1966). The 
previous estimates of the world’s sulfur resources 
have differed widely for many reasons, including the 
factors discussed in the previous section on the 
geology of the deposits, and because of the lack of 
data on ore deposits in the remoter parts of the 
world. 

Estimates of identified, hypothetical, and specu- 
lative resources of sulfur in various types of de- 
posits in the United States, Canada, and Mexico are 
compiled in tables 126 and 127. The compilation of 
the data for the United States is more detailed than 
that for Canada and Mexico. Only the more eco- 
nomically important accumulations of sulfur else- 
where in the world are cited in the following dis- 
cussion. 


THE UNITED STATES 
The identified sulfur resources of the United 
States are divided into three categories: (1) re- 
coverable, those accumulations that can be mined 
or recovered at prices less than $25 per long ton, 


TABLE 126.—Identified ', hypothetical’, and speculative‘ sulfur resources of the United States 


[In millions of long tons; +, some resources, but amount not estimated] 


Identified resources 


Hypo- Specula- 
Source Recover- Para- Sub- thetical tive Total 

able marginal marginal Subtotal resources resources 
1. Elemental sulfur deposits in evaporites _____- 150 40 10 200 100 150 450 
2. Hydrogen sulfide in sour natural gas ________-_ 10 5 a 15 “185 tig 200 
3. Organic sulfur in petroleum _____-__-__-__-_- 10 25 220 255 “1,000 pe 1,255 
Ame yimtewdepositsi.s2= 252) ees Ee 10 30 60 100 20 20 140 
5. Elemental sulfur in voleanie rocks ~_-________ OR 10 20 30 + + 30 
6. Sulfur contained in metallic sulfides _________-_ 20 40 40 100 100 200 400 
Tg. GS STENGGY | | 2 ES Se Ls ae 150 7,050 7,200 1,800 = 9,000 
8. Organic sulfur in tar sands _-________-_)___ = He Bre 10 10 Baus ae 10 
9. Organic sulfur and pyrites in coal ___________ Ee ees 21,400 21,400 * 19,600 bee 41,000 

10. Organic sulfur and pyrites in oil shale and 

shale rich in organic matter ~__-__-__-_____ as + ab + + See 81,000 
otalpees Jape he coe cee oe SE 200 300 28,810 29,310 22,805 370 133,485 


1 Identified resources: Specific, identified mineral deposits that may or may not be evaluated as to extent and grade, and whose contained minerals 
may or may not be profitably recoverable with existing technology and economic conditions. 
? Hypothetical resources: Undiscovered mineral deposits, whether of recoverable or subeconomic grade, that are geologically predictable as existing 


in known districts. 


3 Speculative resources: Undiscovered mineral deposits, whether of recoverable or subeconomic grade, that may exist in unknown districts or in un- 


recognized or unconventional form. 
“Includes some speculative resources. 
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TABLE 127.—Sulfur resources of Canada and Mexico 


[In millions of long tons] 


Canada Mexico 

Hypothe- Hypothe- 

Source tical 2? and tical 3? and 

Identified specula- Total specula- 

Tesources ! tive? re- Identified tive? re- 
sources resources 1 sources Total 
1. Elemental sulfur deposits in evaporites __-__-- —— seat 2 wee 80 50 130 
2. Hydrogen sulfide in sour natural gas __ = 140 185 825 Les ae = 
3. Organic sulfur in petroleum ________ = 5 (‘) 5 5 (‘) 5 
Ate byrite deposits) see. ss as ee a °25 25 50 525 25 50 
5. Elemental sulfur in voleanic rocks __ z, aa ee Sens 5 == 5 
6. Sulfur contained in metallic sulfides ___ ze 35 100 135 25 40 65 
(emGyDSUM pe eee = eee ee TE (°) (°) Laos (°) (°) —_ 
8) Organic sulfur in tar sands 2228-2.) 2 40 1,800 1,840 eet pe =e 
9. Organic sulfur and pyrites in coal ___________ (°) (°) Ase (‘) (‘) = 

10. Organic sulfur in oil shale and shale rich 

InwOreanicmmnis ber eee meee ne eee ee ee (°) (°) ate aa Le POs, 
ONG cet IS Se ee es ee ee 245 2,110 2,355 140 115 255 


1 Identified resources: Specific, identified mineral deposits that may or may not be evaluated as to extent and grade, and whose contained minerals 
May or may not be profitably recoverable with existing technology and economic conditions. 
2 Hypothetical resources: Undiscovered mineral deposits, whether of recoverable or sbueconomic grade, that are geologically predictable as existing 


in known districts. 


3 Speculative resources: Undiscovered mineral deposits, whether of recoverable or subeconomic grade, that may exist in unknown districts or in 


unrecognized or unconventional form. 
4 Not known; resources probably small. 
5 Including pyrite in base-metal deposits. 
® Not known; resources probably large. 


f.o.b. gulf coast ports; (2) paramarginal, those avail- 
able at prices between $25 and $35; and (3) sub- 
marginal, those estimated to be available at prices 
higher than $35 per ton. Hypothetical and specula- 
tive resources are comparable to those are defined 
throughout this volume. Comments on each of the 
principal accumulations follow. 

1. Identified resources of elemental sulfur in 
evaporites cannot be estimated accurately be- 
cause operating companies do not release reserve 
data. It is judged, however, that some 200 mil- 
lion tons of sulfur remains in the known de- 
posits, 100 million tons each in the gulf coast 
and in the west Texas occurrences. Of the total 
of 200 million tons, some 40 million tons is 
thought to be minable only when the price of 
sulfur approaches $35 a ton, and another 10 
million tons is thought to be minable only when 
the price exceeds $35 a ton. Another 100 million 
tons of sulfur, which may be found in west 
Texas, is shown in table 126 as part of hypo- 
thetical resources. 

In the United States, anhydrite occurs in 
many petroliferous sedimentary basins, includ- 
ing the Michigan, Williston, Paradox, and Per- 
mian basins; anhydrite also occurs at great 
depths in the gulf coast geosyncline. Elemental 
sulfur deposits could have formed in all or any 
of these areas, and one can speculate that at 
least 100 million tons of sulfur ultimately will 
be discovered in them. 

The possibilities for further discovery of ele- 
mental sulfur deposits in anhydrite caprocks 


overlying salt diapirs are somewhat more lim- 
ited because of the diverse geological processes 
and conditions required in their generation. Salt 
diapirs are common structures known on all 
continents and continental shelves in many parts 
of the world (McKelvey and Wang, 1970) , yet 
only in the gulf coast of the United States and 
Mexico have deposits of commercial size been 
found in caprocks. It can be anticipated that 
several more sulfur deposits, containing per- 
haps 50 million tons of sulfur, will be found in 
the offshore extension of the gulf coast belt of 
the United States. 

Hydrogen sulfide in natural gas yielded about 
30,000 tons of sulfur per trillion cubic feet of 
produced gas in 1971. Using this ratio, some 
15 million tons of sulfur is estimated to remain 
in the identified resources of natural gas (Theo- 
bald and others, 1972). Another 65 million 
tons may occur in recoverable undiscovered 
resources, and 120 million tons, in the sub- 
marginal undiscovered resources (combined as 
185 tons of hypothetical resources in table 126). 
Each billion barrels of petroleum in the United 
States reserve contains nearly 1 million tons of 
sulfur (U.S. Bur. Mines, 1971), a ratio which 
indicates that some 10 million tons of sulfur is 
contained in the recoverable petroleum and 245 
million tons in the petroleum that can only be 
extracted with difficulty. Another 1 billion tons 
of sulfur may occur in the undiscovered petro- 
leum resoruces, of which 20 percent is a recov- 
erable resource and 80 percent is a subeconomic 
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resource. The preceding calculations were re- 
stricted to the petroleum in the conterminous 
United States, inasmuch as petroleum under the 
continental shelves and in Alaska is so low in 
sulfur that a resource in such oil should not 
be postulated. 

Of the 100 million tons of sulfur contained in 
the identified resource of pyrite, 10 million tons 
arbitrarily is assigned to the recoverable frac- 
tion, and the balance, to the subeconomic re- 
sources. The President’s Materials Policy Com- 
mission (1952) considered that some 30 million 
tons of sulfur, contained as pyritic gangue in 
base-metal ores, constitutes a resource. Al- 
though much of that pyrite will be rejected 
with tailings in nonrecoverable form, it is 
judged that 20 million tons of this sulfur even- 
tually could be recovered, and this amount is 
included with the submarginal resources of 
pyrite deposits shown in table 126. Another 40 
million tons may occur in extensions of known 
districts and in areas as yet unexplored. 

The 30 million tons of subeconomic resources of 
sulfur in voleanic rocks cited for many years is 
probably still a reasonable estimate. Hypotheti- 
cal and speculative resources are judged to be 
very small. 

Resources of sulfur contained in sulfide ores 
of base metals are calculated from estimates 
presented in other chapters of this volume. A 
nominal recoverable resource of 20 million tons 
is predicated on recovery efforts prior to pres- 
ent statutory requirements for cleaner air. 
Much of the subeconomic identified resources, 
some 80 million tons, will be recovered regard- 
less of cost because of antipollution regulations. 
Gypsum resources are nearly 50 billion tons, 
the sulfur content of which constitutes an 
identified resource of about 7 billion tons, and 
a hypothetical resource of nearly 2 billion tons. 
Of this amount, 150 million tons of very pure 
gypsum has been blocked out as raw material 
for sulfur production. At present this consti- 
tutes a paramarginal resource. Huge anhydrite 
resources, many times greater than gypsum 
resources, are not included in the accompanying 
tabulation. 

Tar sands are said to contain an identified sub- 
marginal resource of 10 million tons of sulfur. 

The aggregate tonnage of sulfur contained in 
coal is enormous. Resources of all classes are 
estimated to be 41 billion tons, but none is re- 
coverable at present prices of sulfur. In table 
126, the hypothetical sulfur resource in coal is 
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predicated on undiscovered coal lying at less 
than 6,000 feet depth. 

10. Shales rich in organic matter, eventually ex- 
ploitable as sources of liquid or gaseous hydro- 
carbons, contain at least 1 billion tons of sulfur 
in the oil shale of the northern Rocky Moun- 
tains, and 80 billion tons in the black shales of 
Devonian and Mississippian age in the Eastern 
and Central United States. The entire resource 
is subeconomic; no attempt is made here to 
differentiate between identified and hypothetical 
resources. 


RECOVERY 


Recovery of sulfur from resources depends upon 
the state of the technology, upon the cost of extrac- 
tion, and now also upon statutory requirements lim- 
iting sulfur emissions into the atmosphere. The 
resource data already presented must thus be quali- 
fied as follows: 

Frasch mining recovers 75-92 percent of the sul- 
fur contained in the ground, depending on the tech- 
nological efficiency of the operating companies and 
on the geological characteristics of given ore bodies. 
Recovery of sulfur from natural gas exceeds 95 
percent of the contained hydrogen sulfide, but only 
about 80 percent of the natural gas is recoverable 
from the ground. Recovery of sulfur from petroleum 
has been averaging 15-20 percent, and less than 
half the petroleum in the ground is recoverable un- 
der current technology. Recovery of the sulfur con- 
tained in pyrites is relatively high and that of sulfur 
in voleanic deposits reasonably high, both probably 
greater than 75 percent. Recovery of the sulfur 
contained in base-metal ores has been relatively low 
in the past, but should increase markedly in the 
coming years. Experience in the extraction of sulfur 
from gypsum, tar sands, and oil shale is yet too 
limited to indicate how efficient recovery will be. 

Little sulfur is recovered from petroleum in the 
United States. The low sulfur content of most U.S. 
oils has made extraction of sulfur during petroleum 
refining seem neither necessary nor economically 
important. The same is true with other deposits of 
hydrocarbons and with low-sulfur coal. About 30 
percent of the bituminous coal of the United States 
contains less than 1 percent sulfur. 


CANADA AND MEXICO 


Canada and Mexico are among the leading pro- 
ducers of elemental sulfur. Canada recovers the 
element from hydrogen sulfide in natural gas and 
Mexico from caprock deposits. The sulfur in Cana- 
dian natural gas is an indicated resource of 140 
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million tons (Cote, 1971), that in Mexican caprocks 
an indicated resource of 80 million tons (table 127). 
Both countries also are well endowed with deposits 
of base-metal sulfides and with bedded gypsum from 
which sulfur can be recovered. Canada also has vast 
resources of tar sands, whose bitumens contain an 
average of 4.5 percent by weight of sulfur, which 
amounts to a multibillion ton resource of sulfur. 
The 40 million tons shown in table 127 as the identi- 
fied sulfur resources of the Canadian tar sands is 
that sulfur currently available for extraction in 
existing processing facilities. Some petroleum in 
southeastern Mexico contains enough sulfur to war- 
rant its recovery during refining. 

The hypothetical and speculative resource data 
shown in table 127 summarize those resources whose 
discovery can be reasonably expected in known min- 
eral districts and petroliferous areas and in untested 
regions. The postulated resource of 1,800 million tons 
of sulfur in tar sands should perhaps be listed partly 
as a subeconomic identified resource. Speculative re- 
sources of sulfur in Mexico include an estimated 50 
million tons of elemental sulfur in caprocks on salt 
diapirs in the southeastern part of the country. 
These deposits will be similar to those known in the 
gulf coast of the United States. 


OTHER COUNTRIES 


Sulfur resources outside of North America also 
are vast; apparent reserves totaling nearly 2 billion 
tons have been estimated recently by Lewis (1970). 
Only the most notable concentrations are cited in 
the following brief discussion. 

1. Elemental sulfur deposits containing an identi- 
fied resource of 100 million tons occur in 
bedded anhydrite of Miocene age in southern 
Poland. The belt of anhydrite extends into the 
U.S.S.R., where other sulfur deposits prob- 
ably occur. Although the belt in the U.S.S.R. 
is not now petroliferous, hydrocarbons in the 
past evidently leaked upward into it at many 
places. The greatest potential for discovery 
of elemental sulfur outside the United States 
igs in the Middle East, where the world’s 
greatest accumulations of hydrocarbons coin- 
cide with extensive anhydrite beds. In Iraq, 
one deposit of elemental sulfur in anhydrite 
of Miocene age contains an identified resource 
of 200 million tons of sulfur. Most of the 
readily available sulfur in the bedded evap- 
orites of Sicily has been mined. 

The salt diapirs of northern Europe and of 
the Middle East seem to be barren of sulfur 
deposits. Possibilities exist for caprock sul- 
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fur mineralization in the northern Caspian 
area and northern Siberia in the U.S.S.R., 
perhaps over the diapirs lying under the Per- 
sian Gulf and under the North Sea, and over 
those diapers in the Canadian Arctic Islands. 
Neither the Canadian nor the North Sea areas 
would favor low-cost exploitation of any sul- 
fur discovered. 

2. Hydrogen sulfide amenable to extraction from 
sour natural gas is moderately abundant in 
France and in eastern Europe, but the largest 
resource of such sulfur is in the Middle East, 
where about 500 million tons occurs in the 
very large natural gas resources. 

38. The petroleum of the Middle East perhaps con- 
tains about 300 million tons of sulfur, and 
that of Venezuela at least 30 million tons. 

4. Resources of sulfur in pyrite deposits are large 
and widespread. At least 500 million tons of 
sulfur occurs in Spanish deposits and perhaps 
an equivalent amount may occur in the pyrite 
deposits elsewhere in Europe. Such resources 
also are abundant in South America, the Mid- 
dle Fast, Africa, and Australia. 

5. Elemental sulfur in volcanic rocks in the circum- 
Pacific belt provides a resource totaling 100- 
200 million tons. Japan and Chile have most 
of these resources. Pyrite in volcanic deposits 
in this region also constitutes a large re- 
source. 

6. Outside North America, at least 200 millon tons 
of sulfur occur in the known base-metal sul- 
fide deposits scattered on all other continents. 
Pyrite included in these ores also constitutes 
an appreciable resource of sulfur. 

7. Anhydrite and gypsum underlie large areas on 
every continent (McKelvey and Wang, 1970) 
and form an almost unlimited resource of 
sulfur. 

8. Tar sands are abundant in Venezuela, but the 
tonnage of their sulfur never has been cal- 
culated. 

9. Extrapolating the average sulfur content of 
coal in the United States to that in coal out- 
side North America, it would seem that at 
least 180 billion tons of sulfur occurs in the 
coal on other continents. 

10. Oil shale and shale rich in organic matter seem 
to contain at least as much sulfur as does 
coal; therefore, the sulfur resources in such 
accumulations outside North America could 
reach several hundred billion tons. 

Lastly, sea water contains sulfate ions in low 
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concentrations but provides a virtually unlimited 
sulfur resource. 

In summary, the world position on sulfur resources 
is good and will sustain rates of production many 
times higher than present rates without strain. 


PROSPECTING FOR ELEMENTAL 
SULFUR DEPOSITS 


Most caprock sulfur deposits were discovered 
through wildcat drilling in search for oil, but some 
were found by either wildcat or systematic drilling 
in search for sulfur. Geophysical prospecting to date 
has not been effective in locating sulfur deposits, 
although it can be used to located caprock of unspe- 
cified composition. 

It has long been known that on the gulf coast, 
acid soil, known as sour dirt, occurs over known 
caprocks; such soil is acidified by leakage of hydro- 
gen sulfide from below. This geochemical evidence 
was instrumental in locating several caprock oil 
fields and also provided the first clue to the presence 
of a sulfur deposit in Boling Dome, Tex. (Haynes, 
1942). Acid soil, hydrogen sulfide emissions, and 
sulfuric acid springs also are known in west Texas 
but do not necessarily coincide with underlying sul- 
fur deposits. They cannot be infallible geochemical 
indicators of sulfur deposits simply because they 
show only that hydrogen sulfide was generated, not 
that it was retained and oxidized to sulfur at depth. 

Regional stratigraphic features in the gulf coast 
region and local structural features in the Delaware 
Basin of west Texas could be applied to a greater 
extent in exploration for sulfur. Particularly on the 
outer continental shelf, study of stratigraphy could 
be applied to block out favorable and unfavorable 
areas for generation and retention of hydrogen sul- 
fide within caprocks. Study of faulting in the Dela- 
ware Basin may lead to targets overlooked in pre- 
vious exploration programs. 


PROBLEMS FOR RESEARCH 


Geological problems still to be resolved include 
determination of all the factors leading to the accu- 
mulation of sulfur in coal, petroleum, natural gas, 
and shale rich in organic matter. The various hy- 
potheses advanced to date need to be tested and 
evaluated over sufficiently broad areas to determine 
their validity and hence their usefulness in explor- 
ing for low-sulfur coal or, if sulfur is being sought, 
for fossil fuels high in that element. 

A related geological problem needing further study 
is the generation in coal mines of sulfuric acid, a 
troublesome pollutant in streams traversing coal- 
mining districts. A fuller understanding of the 
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natural processes involved will lead to better meth- 
ods of controlling acid generation. 

Perhaps more research has been devoted to meth- 
ods of recovering sulfur or removing it as an un- 
wanted element than to the recovery of any one 
other mineral commodity. The wide variety of raw 
materials now yielding sulfur as a byproduct attests 
to the past successes of these efforts. Research is 
continuing, nevertheless, to reduce the costs or to 
increase the efficiency of sulfur recovery processes 
applying to several of these raw materials. Major 
research efforts now are being directed to the prob- 
lem of removing sulfur from coal. Techniques are 
being studied for removal of pyrite before ignition 
of the coal, removal of sulfur dioxide from stack 
gases, with or without the recovery of the sulfur it- 
self, and removal and recovery of sulfur from coal as 
it is being gasified or liquified. Until these techniques 
are perfected, much coal must remain in the ground 
because it contains too much sulfur to meet clean- 
air requirements. 

The present excess sulfur production, particularly 
in Canada, is stimulating research on new uses that 
will exploit the unique physical properties of sulfur. 
The element is remarkably low in thermal and elec- 
trical conductivity, completely inert to attack by 
acids, impervious to water, and it has high strength 
at normal ambient temperatures; it is easily applied 
and workable when plasticized or in molten form, and 
it hardens quickly. It thus promises to be a versatile 
construction material. 
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ABSTRACT OF CONCLUSIONS 


Tale as mined and used industrially is a rock containing 
a mixture of magnesium-rich silicates and ranging in min- 
eral composition from pure tale to predominant tremolite. 


Other minerals commonly present in tale rock are serpentine, 
diopside, anthophyllite, and chlorite and less abundantly the 
carbonates calcite, dolomite, and magnesite. 

Industrial tale is used in the pulverized form as a ceramic 
base for floor and wall tile; a paint extender; a filler for rub- 
ber, paper, plastics, roofing, and many other products; a 
diluent or carrier for pesticides; and a polishing or dusting 
agent. 

Tale is mined from metamorphosed dolomitic and quart- 
zose sedimentary rocks or from hydrothermally altered 
ultramafic and mafic rocks. The main producing areas are in 
the eastern States from New England to Alabama and 
in the west in California, Nevada, Montana, and Texas. 

In 1969 and 1970, total consumption was over a million 
tons—double that of 20 years ago. The projected demand 
for the year 2,000 ranges from 2.28 to 3.386 million tons. 
Resources of tale are large and should be adequate to meet 
this demand, although deposits meeting the rigid chemical 
and physical specifications of some consumer industries are 
relatively scarce. Although all tale mining districts con- 
tain known reserves and have a good to excellent potential 
for the discovery of additional reserves, the great bulk of 
reserves are in New York and Vermont. 

Most industrial areas of the United States are fairly 
close to a source of industrial tale, except for the industries 
of the midcontinent. There, shipping charges are a much 
larger part of the cost of tale because most supplies are 
shipped from Montana and Texas. Areas of metamorphic 
rocks in Wisconsin and Michigan could contain tale de- 
posits more favorably located for the midcontinent market. 


INTRODUCTION 


The purposes of this report are to present a cur- 
rent picture of the resources of industrial tale in the 
United States and to assess the potential for addi- 
tional resources. A tale resource study by Chidester, 
Engel, and Wright (1964) is the latest extensive 
account giving detailed descriptions of many of the 
tale deposits in the United States and a discussion of 
all tale-producing districts. Subsequent studies have 
been published for deposits in Alabama (Neathery, 
1968; Neathery and others, 1967), California 
(Wright, 1968), and New York (Brown, 1969) .-Bibli- 
ographies of tale in the United States are available 
in works of Engel and Wright (1960) and Merrill 
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(19638), and a map locating all tale-mining areas was 
published by Chidester and Worthington (1962). 


MINERALOGY AND PHYSICAL PROPERTIES 


Tale is a hydrous magnesium silicate mineral with 
the theoretical formula H.Mg,(SiO;),. As used in- 
dustrially, however, the term “tale” refers to a rock 
composed mainly of magnesium-rich silicate min- 
erals and having the mineral tale as an important 
constituent. Mineral content of industrial tale can 
range from pure tale to predominantly tremolite. 

Minerals other than tale that are most com- 
monly present in industrial tales are serpentine 
(H.Mg.SiO,), chlorite (hydrous Mg-Fe-Al silicate), 
tremolite (Ca,Mg;H.(SiO;);), anthophyllite 
((Mg,Fe),;(OH).Si,O..), and diopside (CaMg 
(SiO;).) ; less commonly present are quartz (SiO.), 
calcite (CaCO;), dolomite (CaMg(CO;).), and mag- 
nesite (MgCO;). Pyrophyllite, an aluminum silicate 
(A1,Si,0;,(OH).) closely related to tale in structure, 
properties, and uses, is generally lumped with talc 
and soapstone in production and consumption statis- 
tics, but it is not included in this discussion. 

The constituents of industrial tale differ consid- 
erably in physical and mineralogic properties, con- 
sequently, rocks having different mineral propor- 
tions vary accordingly in their properties. The 
mineral tale is extremely soft and slippery, having 
a hardness of 1 on the Mohs scale; and because of 
a strong basal cleavage, it is flaky. The associated 
tremolite and anthophyllite have a hardness of 5 
to 6 and when ground produce a fibrous powder 
because of their prismatic cleavage. Other minerals, 
such as serpentine, vary in hardness and in shape 
of pulverized particles. Most of the major constitu- 
ent minerals of industrial tale are chemically inert 
and generally grind to a white powder and have 
high dielectric constants, therefore, these minerals 
naturally occuring in varying proportions produce 
inert light-colored rocks with a range of hardness 
and particle shape when pulverized, making indus- 
trial tale an unusually versatile and widely used 
mineral product. 


USES 


Industrial tale is used where certain combinations 
of the following properties are desired: Extreme 
whiteness when powdered or fired, softness or 
smoothness, fibrous or flaky particle shape, various 
degrees of oil absorption, chemical inertness, high 
fusion point, low water absorption and shrinkage 
when fired as a ceramic body, low electrical and 
thermal conductivity, good retention as fillers, and 
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ease of grinding to extreme fineness (Industrial 
Minerals, 1968). 

Talc in the form of soapstone has been used since 
prehistoric times for carved cooking utensils; cur- 
rent uses of tale are intimately tied to the demands 
of a complex industrial society. It is important to 
the manufacturing and building industries, and 
periodic fluctuations in consumption are directly 
related to the economic conditions of those indus- 
tries. 

Tale is used as a ceramic base material for wall 
and floor tile; as a filler by the plastic, paper, roof- 
ing, and rubber, industries; as a paint extender; and 
as an insecticide diluent and carrier. Other special 
uses are diverse, ranging from a polish for rice, 
wood turnings, nails, and white shoes to a dusting 
powder for salami. In the massive form of soap- 
stone, it is cut for laboratory table tops and sinks, 
steel-marking crayons, and blocks for art carvings. 
High-frequency ceramic insulator shapes are ma- 
chined and fired from another massive variety 
known as block steatite, and block tale is machined 
and fired for burner nozzles. Tale and soapstone 
sold or used in the United States in 1969 and 1970 
are listed by use in table 128. Figure 69 shows con- 


TABLE 128.—Talc and soapstone sold or used by producers in 
the United States, by uses 


[In short tons. From Wells (1970) ] 


Use 1969 1970 

Ceramics, (sss — ee ee 245,704 228,595 
Insecticides! (22s 284-25 =. ee 53,722 33,697 
AN ee ae oe ee ee ee 166,170 154,265 
Raper neste = ae ee 54,554 52,328 
EUG OTT) oo 30,526 44,997 
Rubber’ 22!) _ 2. we eee 24,464 28,348 
Textile? aise. ts: “sat sae ae 7,974 6,187 
Toilet preparations ~---------____ 12,235 13,721 
Others ee 279,168 289,644 
Lotalt.c pas. rene tew ae 874,517 851,782 


1Includes asphalt filler, crayons, exports, fertilizer, floor and wall tile, 
foundry facings, insulated wire and cable, joint cement, plastics, rice 
polishing, and miscellaneous products. 


sumption of tale by the major consuming industries 
during 1950-70. Tale used for ceramic wall tiles 
and extender in paint now accounts for half of the 
annual consumption. The roofing, paper, insecticide, 
and rubber industries together consume an addi- 
tional quarter, and the many miscellaneous special 
uses account for the remainder. The only recent 
outstanding increase in the consumption of tale is 
in the “other uses” category in figure 69. This curve 
since 1966 shows an exponential growth which I 
attribute to the use of tale as a filler pigment in 
white plastic insulation, containers, and sheeting. 
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Ficure 69.—Tale and soapstone produced and used by major consuming industries in the United States, 1950-1970. Other 
uses include asphalt filler, crayons, exports, fertilizer, floor and wall tile, foundry facings, electrical insulation, joint 
cement, plastics, rice polishing, textile coating, toilet preparations, and miscellany. 


The United States has abundant reserves and re- 
sources of tale, but is deficient in certain grades 
such as block steatite used for high-frequency insu- 
lators, and cosmetic tale. In 1970, imports of talc 
were 29,988 short tons, and exports were about 
105,000 tons. Use of flotation and magnetic separa- 
tion methods in the processing of tale has made us 
less dependent on imports for cosmetic-grade talc, 
although in 1970 imports of cosmetic-grade talc 
from Italy were markedly increased. Phosphate- 
bonded synthetic “lava” talc and die-formed steatite 
is being increasingly substituted for block steatite 
for ceramic insulator needs; however, a residual 
demand for block steatite for high-frequency insu- 
lators will probably continue. 


COMPETITIVE MINERALS 


Many minerals are competitive with tale for 
ceramic and filler uses. Kaolin is commonly used as 
a base for wall tile, but such clay-base tile absorbs 
water and expands causing the glaze to craze (Gas- 
kins, 1952). Addition of a certain amount of talc to 


the base material alleviates this condition and im- 
proves translucency and toughness of the tile. An- 
other important competitive use of kaolin is as paper 
filler and coater. Ground limestone is substituted 
for tale as a paint pigment extender, but it is 
reactive and does not have the scaly and fibrous 
particle shape of tale that aids in both coating 
and holding pigment in suspension. Wollastonite 
(CaSiO;) has most of the good qualities of tale and 
is directly competitive in the ceramic and paint in- 
dustries (Andrews, 1970). However, reserves of 
wollastonite are relatively small in the United 
States, and this mineral is now mined only in Hssex 
County, N.Y., and in Riverside and Inyo Counties, 
Calif. Synthetic molded laboratory work surfaces 
are increasingly being used as a substitute for 
sawed soapstone slabs. Some of the synthetic ma- 
terial probably contains tale as a filler, and the 
overall tonnage of tale consumption may therefore 
not be seriously decreased, but a much less expen- 
sive form of industrial tale will be consumed. 
Pyrophyllite, a mineral with physical properties 
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similar to tale, has many of the same uses as talc 
and is in fact generally included with tale in re- 
source studies. In the United States it is produced 
in North Carolina and California (Espenshade, 
1962), and in the past 10 years pyrophyllite con- 
sumption averaged about 18 percent of tale con- 
sumption. Resources of pyrophyllite are much less 
extensive than those of talc, so although its sub- 
stitutability for tale is high, its percentage of the 
industrial tale market probably will not increase 
significantly. 


EXPLOITATION 


Tale was used by the Indians and early settlers 
for cooking utensils carved from soapstone that 
occurred mainly in altered ultramafic bodies. Mining 
of tale and soapstone deposits for other uses began 
in some districts in the early 1800’s, but because 
industrial tale is tied closely to the demands of a 
modern industrial society, extensive mining has 
occurred only in about the past 50 years. Figure 70 
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FicurE 70.—United States consumption of talc, soapstone, 
and pyrophyllite, 1910-70. 


shows the consumption curve for talc, soapstone, 
and pyrophyllite during 1910-70. The figures are 
from the Bureau of Mines yearbooks, and the in- 
cluded pyrophyllite ranges from 10 to 15 percent 
of the total. The graph shows increases during na- 
tional emergencies and other fluctuations owing to 
changing economic conditions of industry during 
more normal periods. The overall slope of the curve 
is straight and steep. 


Because of the diversity of uses for industrial 
talc, total consumption increases steadily, even when 
demand for individual consumer products fluctuates 
drastically. As technology develops new products, 
such as the widespread use of plastic insulation in 
place of rubber, the demand for talc as a filler may 
continue because both plastic and rubber require an 
inert mineral filler. Likewise, increasing use of talc 
as a base by the ceramic industry since about 1955 
has offset decreased consumption by the rubber and 
insecticide industries (fig. 69), and the booming 
use of white plastic by our society has apparently 
caused an increase in tale consumption as a white 
filler. Other, more sophisticated uses are being de- 
veloped; for example tale reduced to minus 50- 
millimicron particle size was used in a patented 
method by which an electrically insulating surface 
layer can be induced by electrophoresis on the ex- 
terior of an article that in itself is electrically con- 
ducting (Wells, 1970, p. 7). 


BYPRODUCTS AND COPRODUCTS 


Tale mining generally produces no byproducts. 
Because of the great variety of tale grades required 
by different consumers, selective mining, milling, 
and laboratory control results in high recovery of 
numerous marketable grades from most deposits. 
In effect, the many grades of industrial tale are 
coproducts. Bilbrey (1962, p. 22) reported that a 
cobalt-nickel concentrate was a byproduct of talc 
flotation in Vermont for a few years in the 1940’s. 
The U.S. Bureau of Mines “Minerals Yearbooks, 
1940-43” indicate a total sale of 109 tons of concen- 
trate containing 1.16 percent cobalt and 12.7 per- 
cent nickel. Other potential byproducts are antho- 
phyllite asbestos at Dadeville, Ala. (Neathery and 
others, 1967), and magnesite from Johnson, Vt. 
(Cooper and Hartwell, 1970). 

The recent discovery of scheelite in soapstone 
deposits in Madison County, N.C., raises the possi- 
bility of coproduction from these deposits. (See 
“Tungsten.” ) 


ENVIRONMENTAL PROBLEMS 


Mining of industrial tale is from both under- 
ground and opencut mines. Inasmuch as recovery is 
higher than that in mining for vein minerals, far 
less of the landscape is disrupted by the operation, 
and waste piles are relatively small. Only a few 
operations, such as at Johnson, Vt., use flotation 
methods for mineral separation; therefore, most 
tale mining does not have tailings ponds. 

One environmental problem does confront the 
industry, however; research mainly by a group in 
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Mt. Sinai School of Medicine in New York City has 
shown a positive correlation between incidence of 
lung disease and working with or near asbestos 
without safety precautions (New York Academy of 
Sciences, 1965). Because many of the tale deposits 
mined in the United States contain asbestiform 
tremolite and anthophyllite, emission-control stand- 
ards will undoubtedly be established for mining and 
milling them. The tremolite and anthophyllite con- 
tent of tale used as a cosmetic or for food process- 
ing, such as polishing rice or dusting salami, also 
will probably be carefully monitored, as will that 
in tale used as a carrier for pesticide dusts. 


GEOLOGIC ENVIRONMENT 


Tale and soapstone deposits of commercial im- 
portance occur mainly in metamorphosed dolomite 
and altered ultramafic igneous rocks. These rocks 
and contained tale deposits are present in meta- 
morphosed terranes throughout the world. In the 
United States, tale is found in the older Appala- 
chians and Piedmont from New England to Ala- 
bama in the east and in California, Nevada, Wash- 
ington, and Montana in the west (Chidester and 
Worthington, 1962). Important deposits also occur 
in Texas, but most of the Central United States, 
from the Appalachians to the Rocky Mountains, lack 
a convenient source of industrial talc. 


TALC FROM REGIONALLY METAMORPHOSED 
DOLOMITE 

Dolomites with ascociated siliceous sediments can 
be metamorphosed to form tale. In many deposits 
derived from sedimentary dolomite and silica, talc 
forms as a final retrograde hydrothermal phase 
from earlier magnesian silicates such as tremolite, 
forsterite, and diopside. These three minerals re- 
sult from high-grade metamorphism with the addi- 
tion of silica and limited water. Retrograde altera- 
tion of the earlier minerals to tale and serpentine 
is accomplished hydrothermally with the release of 
calcite and CO.. 

Most of the major tale deposits in the United 
States are in metamorphosed dolomite; this type 
accounts for more than half the total production. 
The largest producers in the country are mines on 
such deposits in St. Lawrence County, N.Y., where 
tale, tremolite, and serpentine rocks occur in Pre- 
cambrian carbonate and siliceous sedimentary rocks. 
The tale zones are stratigraphic units that have 
been tectonically swelled in axial parts of folds and 
at places are pinched out on fold limbs. Shearing has 
played a major role in the development of tale schist 
zones. 
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Similar tale deposits are in the Murphy Marble 
belt of North Carolina, the Dillon-Ennis district of 
southwestern Montana, and the Inyo and Panamint 
Ranges of California. The deposits in North Carolina 
are lens shaped and follow a zone of quartzose dolo- 
mitic marble. Some of the North Carolina tale is 
exceptionally white, and locally massive varieties 
are sawed for steel-marking crayons. The deposits 
in Montana are rather large but require consider- 
able selective mining and sorting because of inter- 
layered unaltered wallrock. The Montana deposits 
and those in the Inyo and Panamint Ranges of Cali- 
fornia provide some rock of steatite or near-steatite 
grade. 

Deposits in the Chatsworth district of Georgia and 
the Allamoore district of Texas, also formed from 
metasedimentary rocks, are not so closely related to 
dolomitic parent rocks. These deposits are associated 
with phyllites, schists, and quartzites, and required 
extensive metasomatism for their development. 

The Winterboro deposits in Talladega County, 
Ala., occur in or as residual deposits derived from 
Cambrian and Ordovician dolomite that is relatively 
unmetamorphosed. The tale is virtually unfoliated 
and preserves the crystallinity of the parent rock 
(Wedow and Sweeney, 1968). These deposits should 
be studied further because of their low metamorphic 
grade. Possibly they result from prograde meta- 
morphism, with tale being the highest grade min- 
eral produced, in contrast to other deposits in which 
retrograde metamorphism was important. 


TALC DEPOSITS FORMED FROM ULTRAMAFIC 
AND MAFIC IGNEOUS ROCKS 

Talc deposits associated with serpentinized ultra- 
mafic rocks occur in regionally metamorphosed and 
folded sedimentary and volcanic rocks such as those 
in the older Appalachian Mountains and Piedmont 
in a belt from New England to Alabama (Larrabee, 
1966, 1971). These deposits generally occur as rinds 
on serpentine bodies but in places have completely 
replaced them. Some deposits occur where sodic 
pegmatites intrude serpentine. Steatitization, the 
formation of talc-rich-rock, was accomplished by 
either of two processes—the metasomatic reaction 
between serpentinite and introduced CO, or a meta- 
morphic reaction between serpentinite and siliceous 
country rock. These two processes, though independ- 
ent, can work together. Generally, the deposits 
formed mainly by CO, metasomatism have an abun- 
dance of tale-carbonate rock; and where metamor- 
phic reaction was important, tale rock is dominant. 
The largest producing tale mines in altered ultra- 
mafic rocks are in Vermont; many similar but 
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smaller deposits have been mined in the eastern 
serpentine belts and in California, Texas, and other 
States. 

Tale deposits that formed by intrusion of sodic 
pegmatites into serpentinite are mined in Harford 
County, Md. (Pearre and Heyl, 1960, p. 795). Ap- 
parently the igneous intrusions provided solution 
and heat for the reaction with serpentinite to pro- 
duce a thin contact-zone rind of vermiculite and 
actinolite, and farther into the country rock, an 
irregular zone of massive tale rock. 

Some tale deposits were formed by pervasive 
steatitization of mafic rocks associated with ultra- 
mafic rocks. At Schuyler, Va., tabular or lenticular 
bodies of hypersthene gabbro have been altered to 
greenish-gray soapstone (Hess, 1933). Steatitization 
here is related either to regional metamorphism or 
to igneous activity deep in the crust. The altered 
rock consists of varying proportions of amphibole, 
chlorite, carbonate, tale, and magnetite and there- 
fore varies from hard to soft. The rock is tough 
because of an interlocked felted texture of the min- 
erals and is desirable for sawed shapes such as 
laboratory tables and sinks. 


TALC DEPOSITS FORMED BY CONTACT 
METAMORPHISM OF DOLOMITIC SEDIMENTS 


Granite plutons and diabase dikes that intrude 
favorable dolomitic strata provided the heat and 
solutions for the steatitization of the sedimentary 
rocks, and in some places granite itself has been 
replaced by tale. Southern California contains ex- 
cellent examples of tale deposits formed by such 
contact metamorphism. A mining district that ex- 
tends from the Panamint Range eastward across 
southern Death Valley to the Kingston Range in 
Inyo and San Bernardino Counties contains talc 
deposits that occur mainly along the upper contacts 
of diabase sills with cherty dolomite of Precambrian 
age. These ore bodies average 10-25 feet in width 
and are 1,000 feet to at least 1 mile in length. Most 
of the tale produced in California comes from them. 
Wright (1968) presented a detailed description of 
more than 40 deposits in this district. 

Tale deposits of northeastern San Bernardino 
County in the Silver Lake-Yucca Grove district are 
genetically associated with granitic plutons. The 
deposits occur as lenses in a terrane composed of 
lower Precambrian metasedimentary and intrusive 
rocks. Dolomitic strata were selectively tremolitized 
when granitic rocks were emplaced nearby. Subse- 
quently, during retrograde metamorphism, the 
tremolite was altered to tale schist along the borders 
of the deposits. The industrial tale in these deposits 
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is snowy white and medium to coarse grained. 
Minable tale bodies are about 10 feet wide and as 
much as 800 feet long (Chidester and others, 1964, 
p. 25). 
RESOURCES 
IDENTIFIED AND HYPOTHETICAL RESOURCES 


The United States is self-sufficient in most grades 
of tale and soapstone. In the past, we have imported 
most of our block steatite and cosmetic-grade talc. 
Because of technical refinements in the use of 
phosphate-bonded domestic ground tale of steatite 
grade and die-formed steatite as a substitute for 
insulator forms machined from block steatite, we 
are no longer dependent on foreign supplies, and 
stockpiled material probably will be sold. About half 
the cosmetic-grade tale consumed (Industrial min- 
erals, 1971) is still imported, but selective-flotation 
techniques using domestic tale have eliminated much 
of our dependence on foreign sources. 

Chidester, Engel, and Wright (1964) estimated 
our identified resources at a minimum of 89 million 
tons, with the possibility of additional discoveries 
being good to excellent in all mining districts. Re- 
sources should be adequate to meet the demands for 
many decades. The Bureau of Mines, in its Com- 
modity Data Summary of January 1972, estimated 
United States reserves at 150 million tons and world 
reserves at 360 million tons. Projected demand for 
tale in the United States for the year 2,000 by the 
U.S. Bureau of Mines is 2.28 to 3.36 million tons 
(Cooper and Hartwell, 1970). Worldwide demand 
for tale is increasing faster than demand in the 
United States as societies become more complex, but 
the world’s identified resources appear adequate to 
meet demand. 


SPECULATIVE RESOURCES 


Most tale deposits are found in areas of high- 
grade or contact metamorphism. The deposits in 
Talledega County, Ala., however, are in relatively 
unmetamorphosed Cambrian and Ordovician dolo- 
mite. Similar dolomites exist at many other places 
in the United States. The Alabama deposits should 
be carefully studied to determine their genesis so 
that similar deposits might be predicted elsewhere. 
Many areas of dolomitic marble in the southeastern 
Piedmont, such as the Wakefield and Cockeysville 
Marbles in Maryland, might contain tale deposits. 
Another intriguing possibility is the dolomite and 
marble units in areas of Precambrian rocks in Wis- 
consin and Michigan. For example, the Randville 
Dolomite in Dickinson County, Mich., locally con- 
sists of white tremolitic marble (James and others, 
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1961, p. 128), although this formation at most places 
is not metamorphosed. This area is particularly im- 
portant as a potential source of industrial tale be- 
cause of its proximity to the industrial areas of the 
Middle West, which are hundreds of miles from all 
current sources of talc. 


PROSPECTING TECHNIQUES 


Detailed geologic mapping is currently the best 
technique in prospecting for industrial tale. For 
deposits derived from dolomite, the stratigraphy and 
structure must be known in order to predict the 
occurrence of tale zones in the subsurface; for in- 
stance, previously unknown deposits were recently 
identified in the town of DeKalb in St. Lawrence 
County, N.Y., through use of 1:12,000-scale geo- 
logic mapping (Brown, 1969; Bannerman, 1972). 
Although these deposits are exposed at the surface, 
estimation of continuation to depth can only be at- 
tempted through an understanding of the geologic 
structure. Where tale is a product of contact meta- 
morphism, such as along the diabase sills in the 
southern Death Valley region, detailed knowledge 
of the location of dolomitic sediments and diabase 
sills is important for the location of talcose zones 
and prediction of their continuation in the subsur- 
face. For deposits formed from ultramafic rocks, 
too, detailed geologic mapping is important. Geo- 
physical methods, mainly magnetic, can be applied 
to help locate the parent ultramafic rock. Detailed 
geologic mapping and drilling then are needed to 
find talecose zones. 

For most of the ceramic and filler grades of talc, 
the consumer industries have rigid chemical and 
physical specifications for the milled rock. Therefore, 
after a deposit is located, considerable careful test- 
ing of chemical and physical properties is required 
to ascertain the minable parts of a deposit. 


PROBLEMS FOR RESEARCH 


Even though the resources of tale in the United 
States are large, restrictive specifications of color 
and other properties make many deposits unusable 
for high-priced grades of tale. Sampling and labora- 
tory testing of all known tale deposits would estab- 
lish the quality and marketability of known re- 
sources. As already discussed, new deposits are 
likely to be found primarily as a result of detailed 
mapping in geologically favorable terranes. A pro- 
gram of concurrent field and laboratory research is 
at present being conducted by the North Carolina 
Department of Conservation and Development for 
deposits in Madison County, N.C. (L. S. Wiener, 
written commun., 1972), and a similar study re- 
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cently was completed for Tallapoosa and Chamber 
Counties, Ala. (Neathery, 1968). 

Industrial tale is an extremely versatile mineral 
product, and new uses are continually being found. 
Close cooperation between the research laboratories 
of the manfacturers and those of the mining com- 
panies could probably develop even more functional 
grades of tale depending on the demands of new 
products. Research on new pulverizing techniques 
capable of producing submicron particle sizes would 
help in opening new markets, as consumers seem to 
desire ever finer material despite the high costs. 

High reflectance or whiteness is a required qual- 
ity of industrial talc used in the ceramic, paint, 
paper, and a few other industries. During the quest 
for this higher priced product, much subgrade rock 
is discarded. Some of the waste could be sold locally 
for mineral filler not requiring white rock, such as 
in rubber, roofing, insecticide, and some dusting ap- 
plications. Some progress has apparently been made 
in improving the color of off-white tale (Wells, 
1970). More research in this field is needed. 
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ABSTRACT OF CONCLUSIONS 


The present demand for tellurium is less than the amount 
available as a byproduct from the copper and lead industries. 
A shortage of tellurium could develop as a result of a 
change in the processes of recovery of copper from its ores. 
In-place leaching of copper from its ores leaves the asso- 
ciated tellurium undissolved in the waste rock resulting 
from the process. Thus, as the use of the leaching process 
increases at the expense of smelting, the supply of tellurium 
will decrease. 

Identified resources of copper in the United States are 
estimated to contain about 138.5 million pounds of recover- 
able tellurium. Tellurium may be recovered as a byproduct 
in burning of coal in huge powerplants, paying in part for 
environmental improvement. The major resource of tellurium 
is found in manganese oxide nodules on the ocean floors. 


INTRODUCTION 


Tellurium was discovered in a complex group of 
gold telluride minerals in the ores of Transylvania 
by F. J. Miiller von Reichenstein in 1782. It is char- 


acteristic of tellurium to form its own minerals in 
metallic sulfide deposits, although it is very rare. 

Tellurium is a nonmetallic element; its atomic 
number is 52 and atomic weight 127.6; and it exists 
in eight stable isotopes. It has a specific gravity of 
6.24 and melts at 452°C. Tellurium can be obtained 
in an amorphous or a crystalline form. Amorphous 
tellurium is brown to black and is produced by re- 
duction of tellurium solutions. Crystalline tellurium 
has a trigonal structure, is grayish white, lustrous, 
and brittle, and is produced by casting the molten 
element. In a thin film, tellurium is dull purple; its 
vapor is orange yellow. 


USES 


Tellurium is marketed as a steel-gray powder, 
and in slabs, tablets, and sticks. The usual commer- 
cial grade is about 99.7 percent tellurium with 
selenium and copper as the principal impurities. 
Grades of 99.99+ and 99.999-+ percent tellurium 
are available. About 18 percent of the tellurium pro- 
duced is sold as copper tellurium alloys (40-50 per- 
cent tellurium) and ferrotellurium (50-58 percent 
tellurium) (Lausche, 1967). . 

About 80 percent of the 221,000 pounds of tellu- 
rium used in the United States in 1968 went into 
the primary metal industries. Low-carbon steels 
containing 0.02—0.2 percent tellurium have better 
machinability. Tellurium is also used in iron or 
steel to reduce the adsorption of nitrogen, to act 
as a weak deoxidizer, and to minimize pinhole por- 
osity. Less than 1 percent tellurium in copper im- 
proves machining properties of the copper without 
effecting the electrical conductivity or hot working 
properties of the metal. Lead containing 0.05 per- 
cent of tellurium has added resistance to corrosion. 

The rubber industry accounted for about 10 per- 
cent of the tellurium used in the United States in 
1968. Tellurium is used both as the element and as 
tellurium diethyldithiocarbamate in synthetic and 
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natural rubbers to increase the resistance to heat 
and abrasion, to decrease vulcanization time, and 
to improve the aging properties of the elastomer. 

The remaining 10 percent of the tellurium 
consumed in 1968 goes into many diverse but im- 
portant uses. Tellurium is used as a catalyst in 
oxidation, hydrogenation, dehydrogenation, chlor- 
ination, dechlorination, hydroxylation, and phenol 
condensation. Noteworthy properties of tellurium 
catalysts are selectivity, good yield, and resistance 
to poisoning. Tellurium has been used as a colorant 
in ultramarine, black, blue, red, and brown glasses 
and ceramics. Organic tellurides have been used as 
antioxidants for lubricants, greases, hydraulic 
fluids, and hydrocarbon fuels. Tellurium compounds 
are used as antimicrobial and therapeutic agents. 
Cyclotelluropentane-3, 5-diones, and various deriva- 
tives are very powerful germicides. Tellurium has 
been used in the treatment of leprosy with good 
results. Tellurium dioxide suspensions are effective 
in the treatment of seborrheic dermatitis of the 
scalp. Tellurium is also used in blasting caps, bat- 
teries, thermoelectric devices, solar cells, infrared 
windows, and semiconductor devices. 

Selenium may be used as a substitute for tellu- 
rium in metallurgy, ceramics, rubber, and thermo- 
electric devices. Lead may be used to achieve ma- 
chinability in steel and thus replace tellurium. 


CRUSTAL ABUNDANCE 


The crustal abundance of tellurium is unknown. 
The element is so rare that analytical methods have 
not been devised with sufficient sensitivity to deter- 
mine tellurium in igneous rocks with adequate 
reliability. Efforts have been made to estimate the 
abundance of tellurium on the basis of selenium- 
tellurium ratios in materials containing enough of 
both elements to be measured, but this gives rise to 
a second-generation error because the abundance 
of selenium is arrived at similarly by use of sulfur- 
selenium ratios. Recent estimates of the abundance 
of tellurium are 0.001, 0.002, and 0.00X ppm (parts 
per million). The selenium-tellurium ratio in copper 
produced from porphyry copper deposits in the 
United States is 1 to 0.4, or 2.5 to 1; the same ratio 
for Sudbury ores of Canada is 15. Using 0.05 ppm 
as the crustal abundance of selenium, the ratio of 
2.5 gives 0.02 ppm tellurium for the U.S. porphyry 
copper ores and 0.003 ppm tellurium for the 
pyrrhotite-chalcopyrite-pentlandite ores of Sudbury. 
This divergence in the selenium-tellurium ratios is 
indicative of fundamental differences in the geo- 
chemistry of these elements. 
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GEOCHEMISTRY 


Sulfur, selenium, and tellurium belong to the same 
family of elements; their physical and chemical 
properties change progressively from the low atomic 
weight sulfur through selenium to tellurium. An 
example of how progressive change in physical 
properties can affect dispersion of these elements 
in voleanism is found in the boiling points of per- 
tinent chemical forms. The boiling points of sulfur, 
selenium and tellurium are 444°, 688°, and 1,390°C 
respectively. Hydrogen sulfide is a stable gas at 
ambient temperature; hydrogen selenide decom- 
poses in moist air to give selenium and water; 
hydrogen telluride is even less stable than hydrogen 
selenide. Whereas sulfur dioxide is a relatively 
stable gas at ambient temperatures, both selenium 
and tellurium dioxides are solids that sublime at 
317° and 450°C respectively. It is evident from 
these differences in the three elements that sulfur 
is very mobile and may be carried in the atmosphere 
great distances. In contrast, tellurium will be found 
close to the volcanic source. 

Differences in ionic radii materially alter the dis- 
tribution of tellurium from the distribution of sul- 
fur and selenium. The ionic radius of S—? is 1.84 A, 
of Se-? 1.98 A, and of Te~? 2.21 A. Selenium can 
readily substitute for sulfur in sulfide minerals but 
the tellurium ion is too large to replace sulfur. 
Consequently selenium occurs in sulfide minerals and 
selenide minerals in isomorphous association with 
sulfide minerals, whereas tellurium forms its own 
minerals as tellurides. 

The minimum radius ratio 


radius of cation 
(Sts 
radius of anion 
for stability of coordinated octahedrons with a lig- 


ancy number of 6 (Pauling, 1960, p. 544-545) per- 
mits the metals gold, silver, bismuth, mercury, 
platinum, palladium, and lead to form stable crystal- 
line tellurides, whereas tellurides of zinc, copper, 
nickel, and iron are less stable. The metals gold- 
lead listed above, with very large ionic radii, cannot 
readily substitute in sulfides of zinc, copper, nickel, 
and iron, nor can tellurium substitute for sulfur; 
consequently, the rare metals gold, silver, bismuth, 
mercury, platinum, and palladium tend to accumu- 
late in residual ore fluids and to crystallize as tellu- 
rides after most of the sulfide minerals have crystal- 
lized. This sequence appears to occur in early mag- 
matic sulfide deposits of the Sudbury (Canada) and 
Merensky Reef (Africa) types in which platinum, 
palladium, and bismuth tellurides are conspicuous, 
as well as in the late-stage, low-temperature hydro- 
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thermal deposits of the telluride ores of Boulder 
County, Colo., in which gold and silver tellurides are 
abundant (Kingston, 1966; Kelly and Goddard, 
1969). 

Sindeeva (1964) observed that tellurium forms 
its own minerals in many diverse types of ore de- 
posits. In lead-zinc deposits she reported that tellu- 
rium concentrates in galena in microscopic segrega- 
tions of altaite (PbTe) and hessite (AgTe). The 
tellurium in copper deposits is associated with chal- 
copyrite and may occur as microscopic segregations 
of hessite inasmuch as there is more silver in such 
ore than required to accommodate all of the tellu- 
rium usually found in the ore (Cooper, 1971, table 
2-1, p. 15). 

In the zone of active oxidation at or near the 
surface, tellurium is readily oxidized to tellurites 
(TeO;—2) from tellurides (Te?) throughout the 
normal pH range (3-8). At relatively high, but 
feasible, oxidation potentials, tellurites are oxidized 
to tellurates (TeO.—”) in alkaline environments (pH 
6—8.5). This oxidation is verified by minerals con- 
sisting of ferric tellurite Fe,(TeO;); and lead, bis- 
muth, ferrous, and mercurous tellurates. The ready 
oxidation of tellurides gives rise to the dispersal 
of tellurium in ground water, from predominantly 
telluride deposits. 

In acid environments produced by the oxidation 
of pyrite, tellurium is captured in the iron oxide 
gossans, presumably as basic ferric tellurites. Gos- 
sans have been found that contain as much as 1 
percent tellurium. 

Tellurium is not known to be essential for animal 
or plant life. It occurs in minute quantities in plants 
and animals but below concentrations that are 
readily measured. To illustrate, a limber pine 
(Pinus flexilus) was found to contain 0.05 ppm 
tellurium in twigs, 0.012 ppm in bark, and < 0.005 
ppm in the wood (Hubert, 1971). This tree was col- 
lected in the Cripple Creek mining district, Colo- 
rado, where the ore consisted of gold tellurides and 
where soils are unusually rich in tellurium; the soil 
in which it grew contained 0.5 ppm tellurium to a 
depth of 24 inches and 1 ppm tellurium in the 24- 
to 30-inch layer. 

No tellurium has been found in phosphate depos- 
its, Colorado Plateau uranium deposits, sedimentary 
sulfur, or sedimentary sulfides. Tellurium is found 
in the fly ash (as much as 0.2 ppm) of the power- 
plants burning coal. The selenium-tellurium ratio 
in coal used in certain southwestern U.S. power- 
plants ranges from 50 to 100. This ratio indicates 
a depletion of tellurium with respect to selenium. 

Although inadequate analytical methods hamper 
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studies of these materials it is easily established 
that the selenium-tellurium ratio is much larger in 
organic-rich sedimentary materials than in their 
assumed crustal abundance. One must conclude that 
in the weathering processes, tellurium is dispersed 
and is not reconcentrated again as selenium is in 
biosinks. 


RESOURCES 


Tellurium is obtained primarily as a byproduct of 
copper refining; 80 percent of the production in the 
United States is derived from the anode mud depos- 
ited during electrolytic refining of copper. Blister 
copper contains an average of 0.02 percent tellurium 
or 0.4 of a pound of tellurium per ton of copper, but 
actual recovery of tellurium is about 0.17 of a pound 
per ton of copper. Thus, the production of tellurium 
in the United States, and in most of the world, is 
directly related to the production of copper. In-place 
leaching processes for the recovery of copper do not 
result in tellurium recovery, and the increasing use 
of these processes could reduce the supply of tellu- 
rium materially. Other countries with major po- 
tential resources of tellurium are those with major 
potential resources of copper: Chile, U.S.S.R., Zam- 
bia, Peru, Zaire, Canada, and Mexico (Ageton, 
1970; see also “Copper” chapter). Substantial 
amounts of tellurium are recovered from lead ores. 

Resources of tellurium estimated to be potentially 
available in the identified resources of copper, lead, 
and coal in the United States and in other countries 
together with the tellurium available in oceanic man- 
ganiferous nodules are shown in table 129. 

In electrolytic refining of blister copper about 42 
percent of the contained tellurium is recovered from 
the slime residue. Using the ratio of 0.17 of a 
pound of tellurium per ton of copper produced, we 
estimate a total of 13.5 million pounds of tellurium 
available in identified copper resources of the United 
States, and 43.9 million pounds available in identi- 
fied copper resources of the rest of the world. 

Refining of lead ores accounts for about 20 per- 
cent of the present production of tellurium or one- 


TABLE 129.—Tellurium resources (in thousands of pounds) 
potentially available in identified resources‘ of copper ores, 
lead ores, coal, and oceanic manganiferous nodules 


Source ? United States Other countries 
Copperores\3)t= eee 13,500 43,900 
lead oresii==sue i135 Se ee 3,000 10,000 
Coals ase ad re ale we 47,400 237,600 
Oceanic manganiferous nodules_ 1,980,000 


1Tdentified resources: Specific, identified mineral deposits that may or 
may not be evaluated as to extent and grade, and whose contained min- 
erals may or may not be profitably recoverable with existing technology 
and economic conditions. 

2 Identified resources from respective chapters of this volume. 

3 Assuming 42-percent recovery of tellurium. 
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fourth of the tellurium from copper resources. The 
values for tellurium from lead ores given in table 
129 are about one-fourth of the resources from 
copper ores. On the basis of 140 million tons of 
lead, this estimate requires 1.3 pounds of tellurium 
per ton of lead; the estimate is probably high. 

The average content of tellurium in coal is taken 
at one-hundredth of the selenium estimate or 0.015 
ppm (parts per million) tellurium; this value is 
probably low, but is significant as a reserve because 
tellurium would be recoverable with selenium. In 
table 130 the average tellurium content of coal used 
TABLE 130.—Tellurium content (in pounds) of annual coal 

consumption (in millions of tons) at four operating power- 


plants in Western United States 
[Data from U.S. Geol. Survey, 1972] 


Total 

Annual tellurium 

consump- Calculated content of 

tion coal Te! con- annual coal 

Location of powerplants (in mil- tent coal consump- 
lions tons) (in ppm) tion (in 

pounds) 
Four Corners, N. Mex ______-_ 7.0 0.025 350.0 
ChollatvArizps==— seen ee A .002 1.6 
Mohaves Neva eee ene 6.7 013 187.2 
Hayden} (Colo) 22-22222- 8s 6.25 .006 75.0 


1 Calculated from tellurium in fly ash and fly ash = 0.75 total ash. 


in four operating powerplants in Western United 
States is given, together with the tonnages used per 
year. The calculated tellurium content ranges from 
0.002 to 0.025 ppm, and we find 613.8 pounds of 
tellurium in 20.35 million tons of coal; in the same 
coal we found 66,300 pounds of selenium which 
gives a ratio of about 100 selenium to 1 tellurium. 
Using this ratio the estimated annual release of 
tellurium from the combustion of coal in the United 
States is about 80,000 pounds. All, or virtually all, 
of this tellurium would be contained in the fly ash. 
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Tellurium is enriched in oceanic manganese oxide 
nodules. The median tellurium content of 12 sam- 
ples from diverse locations in the Pacific and Indian 
Oceans is 30 ppm (Lakin and others, 1963). If it is 
assumed that manganese oxide nodules contain only 
10 ppm tellurium and we have an estimated 90 
billion tons of nodules, then there is a potential 
resource of 1,980 million pounds of tellurium in 
these ocean deposits. 
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ABSTRACT OF CONCLUSIONS 


Thallium, a soft, heavy, readily oxidizable metal, is re- 
covered as a byproduct from the flue dust and residue pro- 
duced in the smelting of base metals, principally zine. A 
75-percent recovery factor has been calculated. 

The current uses for thallium are limited, being primarily 
confined to electronics and metallurgical processing; lesser 
applications are in glass, explosives, agriculture, and 
medicine. 

U.S. and total world identified resources of thallium from 
zine, lead, and iron sulfides are estimated at 266 and 1,390 
tons respectively. Additional U.S. and total world resources 
contained in coal ash are 119,000 and 715,000 tons. Identified 
manganese nodules occurring on the sea floors are estimated 
te contain 9.9 million tons of thallium. Assuming no unfore- 
seen demand, the world supply of thallium from identified 
zine sulfide sources will be exhausted in 43 years at the 
present rate of consumption, and from all identified sulfide 
sources in 70 years. 

Evidence suggests that the variable abundance of thallium 
in specific minerals may, in part, be controlled by tempera- 
ture and pressure. This could prove valuable in delineating 
the mineralized potential of areas for other commodities. 


INTRODUCTION 

Thallium was recognized and named as a new 
element by Sir William Crooks in 1861 while making 
a spectroscopic search for tellurium in seleniferous 
deposits from a sulfuric acid plant in the Hartz 
Mountains of Germany. He named the newly dis- 
covered element “thallium,” from the Latin word 
thallus, meaning budding twig, because its bright- 
green spectral line was the color of young vegeta- 
tion. 

Thallium metal is extracted and refined as a by- 
product from the flue dust and residue produced in 
the smelting of base-metal ores. Zinc ore is the pri- 
mary source of thallium metal. It is estimated that 
approximately 75 percent of the thallium is recov- 
ered from the processed flue dust and residue. In 
addition, thallium is recovered from the smelting of 
other base metals such as lead, and may also be 
recovered from the trace amounts occurring in 
pyrite, during the roasting of pyrite to produce 
sulfuric acid. 

The most important, nontoxic, uses of thallium 
are in the electronic and metallurgical processing 
industries; lesser uses are in glass, explosives, agri- 
culture, and medicine. 

Pure thallium has poor mechanical properties, but 
when introduced into other metals in small quanti- 
ties it can significantly improve their mechanical 
and electrical properties. Thallium improves the 
hardness of lead, and its alloy with lead is corrosion 
resistant; its alloy with copper is heat resistant and 
of high electrical and thermal conductivity; and its 
alloy with aluminum and zinc improves the abrasion 
resistance of bearings, particularly in the absence 
of petroleum lubricants—a property which may 
have considerable application in the aerospace pro- 
gram. The presence of thallium as micro-occlusions 
improves the machinability of stainless steel. It is 
used with indium, mercury, and gold in solders for 
ceramics and semiconductors. The quality of furnace 
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linings in aluminum smelters is improved by the 
addition of thallium. Thallium is also used to modify 
the pore size of molecular sieves by partial cation 
exchange. Thallium has extensive electronic appli- 
cations, being used in the construction of photoelec- 
tric cells and exposure meters to detect infrared 
radiation, particularly in military communication 
systems. It is used as an integral part of scintilla- 
tion spectrometers, in thallium-activated sodium 
iodide crystals, where it reduces background noise 
in the detection of gamma radiation and in measur- 
ing high-energy electrons for X-rays. The perform- 
ance of rectifiers is also improved by utilization of 
a selenium-thallium alloy in the cathodes. Thallium 
is used in electrical resistors and superconductors, 
in tungsten filaments and radiation sources in 
X-ray fluorescence, and in the production of illumi- 
nated phosphors. The inclusion of thallium in mer- 
cury vapor lamps has increased their service life 
and almost doubled their illumination output. It has 
also been tested in lamps producing radiation in the 
suntan range. The refractive index of optical glass 
is increased by the inclusion of thallium. It is also 
used with other metals and as an oxide to glaze semi- 
conductors, capacitors, printed circuits, and other 
electronic devices to protect them from atmospheric 
deterioration and contamination. As a catalyst in 
electroplating, thallium improves the adherence and 
uniformity of gold coatings on semiconductor de- 
vices. Technological advances have been made in 
the use of thallium in alloys for low-temperature 
thermometry. Thallium has also been utilized in 
explosives as TIN;, in medicine to treat ringworm, 
and in agriculture. In experiments conducted in 
Russia, Kolotova and Kharitonova (1970) found 
germination and leaf growth were promoted in seeds 
soaked with 0.001 percent TI,SO, solution, resulting 
in a 13-percent increase in corn yield and a 43- 
percent increase in carrot yield. A solution of 0.05 
percent is toxic. 

Current application and use for thallium are wide 
but limited; U.S. domestic production can exceed 
demand, and immediate reserves are substantial. 
Thus, thallium is not a high-priority material and 
no government-sponsored stockpiles exist. To some 
extent, current use and demand for thallium are 
limited by the need for additional comprehensive 
research into its complete chemical and physical 
properties and into its utilization potential. Lee 
(1971) expects its future industrial use to be one 
of a reaction intermediate in various syntheses, uti- 
lizing to advantage the oxidizing power of Tl+* 
and the stability of many Tl*! derivatives. The 
highly toxic nature of thallium salts is a deterrent 
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to its use, and adequate substitutes are available 
for some of its present applications, particularly in 
rodenticides and insecticides and in electronics. 
Hence, the national and world economic importance 
of thallium is relatively low. Possibly, however, new 
technological advances in the use of thallium and 
its compounds will change this situation. Further- 
more, the variable abundance of thallium in specific 
minerals may prove a valuable index to the economic 
potential of mineralized areas for other commodities. 

World production of zine ores containing thallium 
is adequate for the current demand. It is doubtful, 
however, that any substantial future or sudden need 
for thallium could be met by increased processing of 
residues and flue dusts from the smelters and (or) 
by improving the recovery factor. This fact implies 
that alternative sources of thallium must be estab- 
lished soon. 

Present estimates of the world consumption of 
thallium are as much as 15 short tons annually, of 
which the U.S. requirements are given as 3.25 tons. 
The United States now refines enough thallium to 
meet domestic demand, although an estimated 50 
percent is obtained from zine ores imported from 
Canada. U.S. imports of zinc ores containing thallium 
are mostly from Canada; lesser amounts are from 
Mexico, Peru, Australia, and other countries. The 
current shutdown of domestic smelters, however in 
conjunction with expanded smelting capacity in 
Canada, Mexico, Australia, and Japan, may soon 
change the sufficiency of domestically refined 
thallium metal to complete dependence on imported 
sources. 


EXPLOITATION 


The first recorded use of thallium salts was in 
medicine in 1896. In 1919 thallium salts were used 
in the manufacture of photosensitive cells. In 1920 
they were used as a rat poison in Germany, and in 
1925 the principal worldwide use of thallium salts 
became that of a rodent poison and insecticide in 
the form of thallium sulfate, an extremely toxic, 
odorless, and tasteless chemical. This practice was 
curtailed in the United States by a 1965 Federal 
ruling, because of the extreme toxicity of thallium 
salts to humans. Lee (1971) stated that thallium 
sulfate is a cumulative poison which may be ab- 
sorbed by the skin. A human lethal dose is about 
1.75 grams, death occurring in a few days through 
respiratory failure after convulsions and delirium. 

The sparsity of characteristic thallium minerals 


| and its highly dispersed nature have prevented 


thallium from being found in concentrations of suffi- 
cient magnitude to be mined as the principal ore 
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material. As a group, potassium-rich silicates con- 
tain the greatest and most consistent amounts of 
thallium, but these minerals have little or no com- 
mercial value in the metallurgical processing indus- 
try at this time. Thus, as Greenspoon (1970) stated, 
the exploitation of thallium is an integral function 
of zinc production and demand. To date, world con- 
sumption of thallium has been less than the amount 
that could be produced as a byproduct from base- 
metal sulfides. 

Except for two periods of marked increase in 
demand, one in the late-middle 1950’s and one in 
the early-middle 1960’s, U.S. consumption of thal- 
lium has been relatively stable, approximating 4,000 
pounds annually. Greenspoon (1970), however, indi- 
cated that the 1968 demand for thallium had risen 
to 6,500 pounds. She gave values of annual peak 
demand for thallium in the mid-1950’s at approxi- 
mately 14,000 pounds and in the mid-1960’s at some 
9,000 pounds. The 1950’s demand probably resulted 
from increased research using radiation equipment 
and from sophistication of military defense systems, 
particularly infrared detection. The increased de- 
mand in the mid-1960’s may have been due to the 
conversion of domestic electronic equipment to solid 
state and increased use of thallium in or associated 
with electronic components. The sudden drop follow- 
ing this increase in demand was probably due to the 
Federal curtailment on the use of thallium as a 
rodenticide. From 1964 to 1968 no thallium was pro- 
duced in the United States, presumably because 
processed reserves were sufficient to meet require- 
ments. Thus, production is sporadic. It is likely that 
industrial plants that use thallium buy sufficient 
amounts at any one time to last several years. As a 
consequence, production/time curves are erratic and 
of no meaningful significance. 


GEOLOGIC ENVIRONMENT 
GEOCHEMISTRY 


Thallium, atomic number 81, atomic weight 204.39, 
occurs next to lead in the periodic table and the two 
metals exhibit similar physical properties. There are 
two naturally occurring stable isotopes of thallium, 
TP? and TI, their relative abundances being given 
as 29.46 and 70.54 percent respectively. Thallium 
metal is bluish white to silvery white and, like lead, 
is soft and malleable. Unlike lead, however, a fresh- 
cut surface of thallium metal will develop a thick 
oxide coating in several weeks. The density of 
thallium is 11.85 g/em® at 20°C, the melting point 
is 303°C, and the boiling point is 1,457°C. Thallium 
metal occurs with three crystal lattice modifications: 
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below 230°C it is hexagonal close-packed, above 
230°C it is body-centered cubic, and at high pres- 
sures it is face-centered cubic, the triple point being 
at 110°C and 30 kilobars. 

Shannon and Prewitt (1969) gave the following 
ionic radii for thallium in various coordination 


polyhedra. 

Tonic 
Coordination No. radius (A) 

OSes ee VI 1.50 
Vill 1.60 
XII 1.76 
TES Se See es eet VI 88 
Vill 1.00 


Thallium was placed in group III of the periodic 
table by Mendeleev, under boron, aluminum, gallium, 
and indium. Thallium has three electrons in its 
outer valence shell and the maximum positive va- 
lence state attained is Tl+’, by donation of the two 
outer 6s? and single 6p' electrons to coordinating 
anions. The thallic state is generally attained under 
highly oxidizing conditions. The single 6p electron, 
however, is much more readily donated than the 
two 6s? electrons, so that under more normal endo- 
gene processes, thallium is preferably in the mono- 
valent Tl+' or thallous state. Thallous (Tl+') salts 
are generally highly volatile. 

In the monovalent state, thallium has unique 
chemical and physical properties, resembling both 
lead and the alkali metals potassium, rubidium, and 
cesium. Thus, thallium is both a chalcophile and a 
lithophile element, and under certain conditions 
displays considerable siderophilic affinities. As a 
consequence it is widely dispersed in the earth’s 
crust. Vlasov (1964, p. 491-680 of English transla- 
tion) stated that thallium metal closely resembles 
lead in density, melting point, electrical conductivity, 
hardness, atomic volume, radius, and thermal sta- 
bility. Like lead and other chalcophile elements, 
thallium is also diamagnetic. Similarly, monovalent 
thallium resembles the alkali metals potassium, ru- 
bidium, and cesium of the lithophile group in both 
physical and chemical properties. It replaces K*’ 
by isomorphous substitution in silicates such as the 
alkali feldspars and micas, and in some minerals 
such as pollucite it is thought to replace Rbt! and 
Cst+! (Ahrens, 1947a). Several authors have at- 
tempted, with limited success, to establish Rb/TI 
and K/TI ratios on basic through acidic and peg- 
matitic igneous rocks. In some instances there is a 
suggestion of a direct linear relationship between 
rubidium and thallium (Ahrens, 1948) and the sug- 
gestion of an inverse linear relationship between 
potassium and thallium. 
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The crustal abundance of thallium is low, approxi- 
mating 1 ppm (part per million). Estimates of the 
average crustal abundance of thallium range from 
3 ppm (Ahrens, 1947b) to values as low as 0.1 ppm 
(Noddack and Noddack, 1934). An average value 
for all estimates approximates 1 ppm, which is in 
agreement with the values of 1.3 ppm given by 
Shaw (1952, 1957) and of 1—-1.1 ppm by Ivanov (in 
Vlasov, 1964). Although the abundance of thallium 
is extremely low, it is in excess of the crustal abun- 
dances of elements such as mercury, silver, and gold. 
Unlike these elements, however, thallium rarely 
concentrates into specific minerals. Several char- 
acteristic thallium sulfide, selenide, and oxide min- 
erals occur in nature, but they are extremely rare; 
most thallium occurs as a trace element in other 
minerals. 

The occurrence and concentration of thallium ap- 
pear to be functions of genetic environment and 
elemental association. These conditions, in turn, are 
governed by chemical affinity, atomic size, valency, 
and temperature and pressure. 


DISTRIBUTION IN MINERALS AND ROCKS 


The main source of thallium metal is sulfide ore, 
mined primarily for base metals such as lead and 
zine that yield thallium as a byproduct. The thallium 
content of these sulfides ranges from 10,000 ppm to 
nondetectable amounts. The most consistent occur- 
rence of thallium is in the structure of the alkali 
feldspars and some micas, in which values range 
from 600 ppm to nondetectable amounts; these sili- 
cate minerals have little or no present economic 
significance. 

Vlasov (1964) noted that although thallium occurs 
in sphalerite, pyrite, marcasite, chalcopyrite, pyr- 
rhotite, and other sulfide minerals, it is particularly 
concentrated in the colloform varieties. Thus it may 
be possible to explain the wide variation of thallium 
content in specific sulfide minerals in terms of tem- 
perature and pressure—those sulfides formed from 
a crystallizing melt generally being low in thallium, 
and those formed from colloidal suspensions under 
lower temperatures and pressures generally being 
enriched in thallium, with intermediate variations 
between these end members. 

Because of chemical affinity, size, and valency, 
thallium associates with silicate minerals rich in the 
alkali metals potassium, rubidium, and cesium. The 
isomorphous substitution of thallium for potassium 
is readily attained in the alkali feldspars and in the 
micas where potassium is contained as the relatively 
loosely bound, high coordinated interlayer cation. 
Hence their thallium content may be quite high, in 


UNITED STATES MINERAL RESOURCES 


the hundreds of parts per million, especially in the 
later-stage pegmatitic alkali feldspars and micas. 

In minerals of sedimentary origin, many manga- 
nese hydroxides contain concentrations of thallium 
with values as high as 2,300 ppm. Substantial thal- 
lium content has also been recorded in pyrites of 
sedimentary origin, particularly those associated 
with coal beds. 

Thallium is widely dispersed in rocks, but its dis- 
tribution is controlled by its general restriction to 
the sulfide and alkali-rich silicate rock-forming min- 
erals. Thus its concentration in ultrabasic rocks is 
very low, less than 1 ppm, increasing gradually 
through intermediate to acidic and pegmatitic rocks 
to concentrations greater than 1 ppm. Thallium ap- 
pears to increase in direct relationship to an increase 
in alkali feldspars and potassium-rich micas. In 
particular, it is noted to concentrate in the later 
stage, lower temperature pegmatites and aplites. 

The relationship of thallium to metamorphic rocks 
is poorly understood. On the basis of characteristic 
mineral assemblages, particularly those rich in the 
alkali metals, it would appear logical for thallium to 
decrease with increasing metamorphic grade in an 
open system. 

In the sedimentary cycle, the behavior of thallium 
is complex. Thallium may occur in a detrital grain 
of the original host mineral, such as a feldspar or 
mica. It may also occur as a constituent of those 
minerals formed in the sedimentary environment— 
in highly oxidizing conditions incorporated into 
manganese hydroxides, in reducing conditions as a 
sulfide in colloidal pyrite, and in a marine environ- 
ment preferentially absorbed by colloidal clays and 
shales. 

Thus thallium values range from 6 ppm, recorded 
in a shale, to nondetectable values in carbonate 
rocks. 


RESOURCES 


World reserves and potential resources of thallium 
(table 131) were calculated from respective com- 
modity reserve and resource estimates prepared for 
this volume (except for iron sulfides, which were 
based on U.S. Bureau of Mines estimates), using 
thallium contents of 2.2 ppm in zinc sulfides, 2 ppm 
in lead sulfides, 0.25 ppm in iron sulfides, 0.75 ppm 
in coal ash, and 10 ppm in manganese nodules— 
factors computed from recently processed analytical 
data of a study of the distribution and occurrence 
of thallium in rocks and minerals. 

The United States is potentially self-sufficient in 
thallium resources, the reserves contained in zinc, 
lead, and iron sulfides being 266 short tons, and 
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TABLE 131—World reserves and potential resowrces of 
thallium, in short tons 


Reserves: Identified deposits from which minerals can be extracted 
profitably with existing technology and under present economic condi- 
tions. 

Potential resources: Identified mineral deposits not profitably recover- 
able with existing technology und economic conditions, and undis- 
covered mineral deposits whether of recoverable or subeconomic grade. 

Identified resources: Specific, identified mineral deposits that may or may 
not be evaluated as to extent and grade, and whose contained minerals 
may or may not be profitably recoverable with existing technology 
and economic conditions. 

Hypothetical resources: Undiscovered mineral deposits, whether 
coverab'!e or subeconomic grade, 
existing in known districts. 


of re- 
that are geologically predictable as 


Reserves 
Zine Lead Iron All 
Nources===== a= sulfide sulfide sulfide sulfide 
ESA ee ee eS 165 &8 13 266 
Other North American ~~~ 143 48 15 206 
South America _____.___ 59 14 26 99 
Europe 198 58 50 306 
Russia _ 106 42 40 188 
Asiay === 70 24 36 130 
Australasia 77 44 1 122 
PApRIiCa ete an = 51 12 10 73 
Wrorldstotal 22 = 869 330 191 1,390 
Potential resources 
Inwezincwesuliide:: sworldwide: “2-2 Soa See 17,818 
Inmlendesulhi de worldwide= s=—— = — = we eee 3,944 


oO Cea CM INANE ATIeSC) 110 GU espe ee 9,900,000 
In coal ash from identified coal resources: 
Ss 


BOF AG Be = rn aa ee eae eee eee 119,000 
OthenmNorthyeAmenricany se ee 11,000 
South America —_____ 1,500 
Europe — 47,000 
Russia _ 488,000 
AGE) e255 38,000 
Australasia 4,500 
PASE] Ce nee ee Ce er ne aye eee) 6,000 

Total ‘coal ash, identified resources —___--___-___.____ 715,000 

In coal ash from hypothetical coal resources ____________.______ 550,000 


resources contained in coal ash being 119,000 tons. 
The coal ash, however, is a highly dispersed source 
and probably most thallium will continue to be ob- 
tained as a byproduct from zine ores. No published 
data could be found on the recovery factors attained 
in the processing of thallium from the flue dust and 
residues of base-metal smelting. Previous authors 
have inferred the recovery factors to be low. Con- 
verting the total 1968 U.S. smelter production of 
zine to sulfide, calculating the hypothetical thallium 
amount this sulfide should contain, and then com- 
paring this value with the estimated amount of 
thallium actually extracted in 1968, produces a 
recovery factor of approximately 75 percent. This is 
considered a realistic value and a minimum if the 
assumed average thallium content of zinc sulfide 
at 2.2 ppm is correct. It is certainly not low, as 
previously stated. 

U.S. recoverable thallium reserves from zinc sul- 
fides, employing present technology, are estimated 
at 124 tons, and from all sulfides, 200 tons. At a 
domestic consumption rate of 3.25 tons annually, 
the supply is sufficient for 38 and 62 years respec- 
tively. The present supply of thallium-bearing zinc 
ores slightly exceeds the requirements for thallium 
metal, and unprocessed residues containing thallium 
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are being stockpiled by the industry. Any unfore- 
seen increase in the demand for thallium, however, 
would command that alternative sources other than 
zine sulfides be considered. In this respect the vast 
potential of coal ash and sea floor manganese nodules 
is Important. 

The United States refines approximately 20 per- 
cent of the world’s output of thallium metal to meet 
domestic requirements. This percentage must surely 
decrease with continuation of the current trend 
toward closing of domestic smelters and expansion 
of zinc-smelting facilities in Canada, Mexico, Aus- 
tralia, and Japan, together with the capability of 
extracting thallium as a byproduct. 

Total world reserves of thallium contained in zinc 
sulfide reserves are estimated at 869 tons, of which 
650 tons is recoverable with a 75 percent recovery 
factor. At an estimated world consumption rate of 
15 tons annually, the supply is sufficient for 43 years. 
Projected world reserves of thallium from all sul- 
fide sources, 1,390 tons, will be exhausted in 70 
years under the same conditions. Total world thal- 
lium resources contained in coal ash from identified 
coal resources are estimated at 715,000 tons, and in 
sea-floor manganese nodules a massive 9.9 million 
tons. Increased discovery of sulfide deposits will pro- 
portionately increase thallium reserves, and potential 
resources are very high, particularly in relatively 
unexplored areas. In addition, the inclusion as specu- 
lative resources of the thallium contained in peg- 
matitic feldspars and micas, which could be recov- 
ered should the need arise, produces vast potential 
resources. 


PROBLEMS FOR RESEARCH 


Research is needed to improve our quantitative 
understanding of thallium distribution in minerals 
and rocks. Alternate sources for the recovery of 
thallium metal, such as sea-floor manganese nodules 
and coal ash, must be delineated to cover anticipated 
and sudden unforeseen future demands. 

Although thallium is widely distributed in the 
earth’s crust, it is concentrated in, or has an affinity 
for, certain mineral species. There is evidence to 
suggest that its concentration in these minerals 
is temperature and pressure controlled. Thus, its 
variable abundance in specific index minerals must 
be studied and modeled over known mineralized 
deposits and rock suites of genetically different 
origins. It may then be possible to evaluate the po- 
tential of mineralized areas for other commodities, 
on the basis of the distribution and amount of 
thallium that is present. 
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ABSTRACT OF CONCLUSIONS 


The United States consumes almost 30 percent of the free 
world’s annual production of primary tin. Nearly half this 
amount is used in the manufacture of tinplate, principally 
for tin cans; the other main uses are in solders, bearing 
alloys, bronze, chemicals, and coatings other than tinplate. 
Many of these uses could be met by substitutes such as tin- 
free steel, aluminum, or plastics. 

Current U.S. tin production, as a byproduct of molybdenum 
mining in Colorado, is negligible. The strategic stockpile is 
sufficient to guarantee against a sudden shortage of primary 
tin for essential uses, but at the current rate of consump- 
tion even this supply would be depleted in a little more 
than 4 years. Domestic reserves of tin, mainly in Alaska, 
would provide only about three-fourths of a year’s supply, 
conditional resources about the same, and hypothetical and 
speculative resources about 2 years’ supply; thus, it seems 
clear that the United States must continue to depend on 
tin imports for most of its needs, The largest foreign condi- 
tional and undiscovered resources are in southeastern Asia, 
Brazil, China, Bolivia, and Zaire. The worldwide geologic 
association of tin with acid granitic rocks and rhyolites is 
so well marked that speculation as to the likelihood of find- 
ing major tin resources in new geologic environments is 
without redeeming value. 


INTRODUCTION 


Tin metal has two modifications: “white” tin of 
tetragonal crystal symmetry and specific gravity of 
7.31, and “gray” tin of cubic symmetry and specific 
gravity of 5.75 (Lange, 1961). Below a temperature 
of 13.2°C, white tin changes to gray tin and crum- 
bles to a powdery mass. Alloying tin with any other 
metal prevents this change from white to gray tin; 
hence, tin is seldom if ever used in pure elemental 
form. Tin is nontoxic, is easily melted, and has a 
low coefficient of friction. Although tin metal is 
soluble in strong acids, tin as plating is rendered 


U.S. GEOL. SURVEY PROF. PAPER 820 


637 


638 


inert toward weak acids, bases, air, and other cor- 
rosive agents by the formation of a thin film of tin 
oxide. Probably the most important property of tin 
is its extreme fluidity in the molten state and thus 
its ability to wet many other metals and alloys. 
The fluidity and excellent wetting characteristics 
lead to its most important use as tinplate, which 
accounts for nearly 50 percent of the tin used in 
the United States. 


USES 


The six principal use categories of tin, in decreas- 
ing order of importance, are tinplate, solders, bear- 
ing alloys, bronze, chemicals, and coatings other 
than tinplate. In the highly developed countries, the 
principal use of tin is as a coating on steel plate for 
use in the manufacture of tin cans. Although alu- 
minum, plastics, and tin-free steel (steel with a very 
thin coating of chromium) are capturing a large 
share yearly of established can production in these 
nations, tin is normally used in cans produced in the 
newly developing nations. These two factors roughly 
balance each other; as a result, the total yearly 
world consumption of tin in tinplate increases only 
slightly. 

Because of a strong and sustained research pro- 
gram funded by contributions of the tin-producing 
nations to the Tin Research Institute (Fraser Road, 
Greenford, Middlesex, England), new uses of tin 
are established almost yearly, offsetting active 
trends toward the substitution of aluminum and 
plastics for tin. Only a few of the new uses are 
mentioned here; the interested reader is referred 
to the “Quarterly Review” of the Tin Research Insti- 
tute and to the various minerals yearbooks of the 
U.S. Bureau of Mines. 

One of the fastest growing new uses of tin is in 
the production of organotin chemicals. These are 
chemicals in which quadrivalent tin is linked to three 
hydrogen atoms and to an “X Group,” which includes 
OH, Br, Cl, I, acetate, alkenyl, alkanoyloxy, or more 
complex derivatives. These organotin chemicals 
have proved to be very effective pesticides, fungi- 
cides, and wood preservatives and have relatively 
low toxicity. Between 1950 and 1968, production of 
organotin compounds rose from 50 tons to more than 
10,000 tons, largely because of research initiated 
worldwide by the Tin Research Institute. A very 
rapid rise in use of organotin compounds has re- 
sulted from their use as a stabilizing agent in poly- 
vinylchlorides (PVC). Organotins have proved effec- 
tive in preventing discoloration and embrittlement 
of clear PVC. Because of its low toxicity, PVC sta- 
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bilized with organotins may be legally used in pack- 
aging of foodstuffs. 

Within the automotive industry, tin continues its 
long-established uses in bearings, bronzes, solders, 
body fillings (to smooth joins and contours), terne- 
plate for gasoline tanks, and pewter parts. In addi- 
tion, tin is being added to cast-iron or cast-steel 
parts to improve their machinability and is being 
used as an additive in sintering of iron powders. 
Much of the safety glass now used is made by the 
new technique of floating liquid glass on a molten 
bath of tin metal. 

In keeping with the space- and nuclear-age tech- 
nology, an alloy of tin and niobium has been found 
to be a highly superior superconductor. Such a 
superconductor, consisting of more than 20 km of 
niobium-tin ribbon wound on a wheel of 5-foot diam- 
eter, when activated in liquid helium will produce a 
magnetic field so strong that the entire assembly 
will float in space in its own magnetic field. This 
extreme magnetic field will be used to trap a high- 
energy plasma of electrons and ions produced by 
thermonuclear fusion. This energy source and trap- 
ping arrangement ultimately may supply unlimited 
quantities of cheap electric power. 

Finally, mention should be made of the irreplace- 
able low-fusing-point eutectic alloys of tin with 
elements such as bismuth or antimony. These are 
bright, silvery, nontarnishing alloys which can be 
melted and remelted with negligible loss to oxide 
films. One such alloy, consisting of tin, bismuth, 
cadmium, lead, and indium, melts at 47°C. Such 
alloys are indispensable in automatic fire-control 
systems; in machining of fragile parts, which are 
cast in low-melting temperature alloys and ma- 
chined to shape, after which the alloy is melted 
away; and in engineering research. 

In spite of loss of some established markets, such 
as tin foil, new uses of tin are likely to more than 
offset these losses, and tin consumption is not likely 
to decrease in the foreseeable future. 


SUPPLY 

U.S. consumption of primary tin—about 57,000 
tons in 1968—is about 30 percent of the free world’s 
mine output, which in 1968 amounted to about 
182,000 tons. About 90 percent of the world’s tin is 
produced by seven countries. In 1970, Malaysia fur- 
nished 63 percent of tin imported into the United 
States; Thailand furnished 30 percent, and five other 
nations—Australia, Brazil, Indonesia, Nigeria, and 
the United Kingdom—combined to furnish the re- 
maining 7 percent. 

Because the United States consumes almost 30 
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percent of the free world’s primary tin but pro- 
duces virtually none, tin remains within the stra- 
tegic category established by the U.S. Government. 
Because of this strategic category, a large stockpile 
of tin was accumulated by the Defense Production 
Administration during the 1950’s. This stockpile 
contains a required strategic reserve of 232,000 long 
tons of tin. About 20,000 long tons of tin has been 
declared surplus from the stockpile and is gradually 
being disposed of by the General Services Admin- 
istration. 

Although tin is not produced within the United 
States, the strategic stockpile is sufficient to guar- 
antee against a sudden shortage of tin for essential 
uses. Moreover, because the tin-producing countries 
are scattered widely throughout the world and across 
many types of political boundaries, loss of produc- 
tion from one area can be compensated for within 
a few years by increased production from other 
areas. Historically, tin has been available for all 
peace-time uses, and in fact it has often been in 
excess supply. Because many of the uses of tin 
could be met by substitutes, such as tin-free steel, 
lacquered cans for foods, and aluminum or plastics, 
tin can be considered at least partly replaceable in 
the world’s technology. 


EXPLOITATION 


A discussion of tin would not be complete with- 
out mention of the fact that of all the mineral com- 
modities in world trade, tin is unique in being regu- 
lated by international agreements, imposed by the 
International Tin Council. This organization is com- 
posed of members of most of the major producing 
and consumer countries. Producing nations contrib- 
ute funds to the Council; these funds are used to 
create a buffer stock of tin which is disposed of or 
acquired by the Buffer Stock Manager, who must 
buy or sell tin as the world market price goes below 
or above predetermined prices. In times of over- 
supply, the Tin Council may impose production 
quotas which must be adhered to by the signatory 
producing countries .The actions of the International 
Tin Council serve to prevent violent price fluctuations 
and to insure an orderly flow of tin in the world 
markets. Because of the resemblance of the Tin 
Council to an international cartel, the United States 
is not a member. 

Tin has been a standard metal of commerce at 
least since the late Bronze Age (3500-3200 B.C.). 
In such a long-lived world trade, diverse cultures 
have been brought into contact, thus modifying 
many of the historical cultures. For instance, the 
Phoenicians regularly transported tin from Corn- 
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wall (England) into world markets, the tin being 
furnished in large part from old alluvial placers. The 
bronze made from tin was used in all metal tools 
including weaponry for innumerable centuries. Few, 
if any, other metals have played such an important 
continuing part through the development of human 
civilization. 

Since the beginning of historical times, tin has 
been available except when major wars or other 
political events have temporarily disrupted its usual 
flow. Perhaps never has tin been in jeopardy because 
of exhaustion of minable reserves, but political 
events have played the major part in all disruptions. 
For instance, between 1954 and 1959, production 
from Indonesia, the Congo, and Bolivia fell 25,000 
tons, creating a shortfall which raised tin prices to 
an all-time high. This loss was entirely political and 
was alleviated by increased production in Malaysia, 
Thailand, and Australia. When Indonesian produc- 
tion is reestablished to the 1954 level, an excess of 
tin will be produced. In fact, Indonesian tin probably 
will replace some Malaysian tin, if necessary, as a 
result of imposition of production quotas. 

New discoveries of major tin fields also have been 
important in maintaining world reserves. The de- 
posits in the Congo were discovered in 1938, and 
reserves there must yet be largely unexplored. 
Within the past 10 years, the discovery and develop- 
ment of the Rondénian deposits in Brazil have 
added significantly to world production and very 
significantly to world reserves. After World War II, 
large new deposits were found in Siberia; these are 
sufficiently productive to satisfy the growing Soviet 
tin needs. To date, no major tin-bearing area of the 
world can be said to be totally exhausted, as proved 
by the reestablishment of a significant production 
in Cornwall, long thought of as being exhausted. 


RELATION TO BYPRODUCTS 


With each technological improvement in beneficia- 
tion, older deposits are returned to production, and 
new demands for byproducts have elevated large 
tonnages of tin ores from the category of resources 
to reserves. For instance, the tin which may ulti- 
mately be won during the mining of the Lost River 
fluorite-tin-tungsten-beryllium deposits in Alaska 
could amount to as much as 40,000 long tons of tin. 
Most of this tin was considered a submarginal re- 
source until the price of fluorspar rose sufficiently to 
place large tonnages of rock containing tin, fluorite, 
tungsten, and some base metals into the reserve 
category. In the future, other large deposits, in 
which tin is only one of several valuable commodi- 
ties, will undoubtedly be brought into production. 
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In other established mining areas, certain by- 
products and coproducts have played an important 
part in the establishment and life of tin mines. 
Many placer mines produce important amounts of 
columbite-tantalite (Nigeria); others produce sig- 
nificant amounts of rare-earth minerals and thorium. 
Often, the economic feasibility of an operation will 
depend upon the byproducts. Unfortunately, such 
mines are subject to closure by major discoveries of 
deposits that contain the associated byproducts. 
With the discovery of the large rare-earth deposits 
at Mountain Pass, Calif., much of the market was 
lost to byproduct monazite and other minerals con- 
taining rare earths that formerly were recovered 
commercially from tin placers. The capture of the 
niobium market by pyrochlore from the Canadian 
deposits seriously reduced the economic potential of 
the placers of Nigeria, which historically had pro- 
duced a salable columbite-tantalite concentrate. 

In some lode deposits, cassiterite is accompanied 
by several valuable potential coproducts or byprod- 
ucts, especially lead, zinc, silver, uranium, bismuth, 
cadmium, tungsten, and fluorite, but most such by- 
products are not yet marketable. One advantage of 
complex ores, which helps offset expensive beneficia- 
tion, is that prices of all commodities are unlikely 
to be depressed simultaneously. 

Practically all the tin recovered in North America 
is produced as a byproduct. The lead-zine mine at 
Sullivan, British Columbia, has produced over 
10,000 tons of tin as a byproduct, and some tin is 
recovered from the molybdenum mine at Climax, 
Colo. Of perhaps greater significance is the silver 
recovered from the complex Bolivian ores. In other 
mines, as at the San Antonio mine, Mexico, the silver 
produced has been as valuable as the tin. The large 
Kochiu tin fields of China were originally opened 
for their silver content. 

In short, a certain amount of the tin produced in 
the world is dependent upon the value of the by- 
products, but as the bulk of the tin is produced 
from placers with limited production of salable by- 
products, it is unlikely that byproducts will greatly 
influence future tin production. 


ENVIRONMENTAL PROBLEMS 


By its nature, placer mining tends to reshape or 
destroy valuable lands along river courses. Without 
planned rehabilitation, placer tailings are useless for 
agriculture, but in Malaysia, dredge pools have in 
places been converted to fish hatcheries and fish 
farms. Nevertheless, in places such as the Kinta 
Valley, the richest tin placers lie beneath the most 
productive farmlands. In such areas, land-use plan- 


ning far ahead of current operations is required for 
extraction of the tin. In other areas, such as Bolivia, 
lode mines are in lands virtually useless for agricul- 
ture. That development of new lode mines need not 
interfere with other land uses is illustrated by the 
successful reopening of the South Crofty mine in 
Cornwall, England, certainly one of the most scenic 
areas on earth. 

As noted by Heindl (1970, p. 767), “Industrial tin 
operations, because of the relatively high unit value 
of the product and the size of the operations, are 
not important contributors to industrial pollution. 
Primary tin-smelting operations discharge SOs 
containing gas from a 250-foot stack.” At present, 
no tin smelters are in operation in the United States, 
and no smelter-gas problem from tin ores exists. 

In Southeast Asia, where the greatest tin reserves 
and resources are found, many of the tin placers are 
beneath sea water, and no conflicting land-use prob- 
lems exist. The same can be said for the Siberian 
placers beneath the Arctic tundra. At present, there 
is little likelihood that land-use conflicts or environ- 
mental issues can seriously curtail world tin pro- 
duction. 


GEOLOGIC ENVIRONMENT 


GEOCHEMISTRY * 


Tin is an element of atomic number 50 and atomic 
weight 118.70, consisting of the isotopes, in percent, 
Sni?, 0.95; Sn4, 0.65; Snt, 0.34; Snt1®, 14:24; 
See, (ae Seek 2YUInlS Syren eesss Seay 3y2.e)7/ 2 
Sn???, 4.71; and Sn, 5.98—one of the more complex 
isotopic compositions known. Tin has two common 
valences, +2 and +4, with ionic radii respectively 
of 0.93 A and 0.71 A. Table 132, modified from Bor- 
chert and Dybek (1960), shows the ionic radii and 
electronegativity of the more common ions with 
which tin is associated. Tin also is amphoteric, form- 
ing either acids or bases. Because of its similarity 


TABLE 132.—Jonic radii and electronegativity of ions similar 
to Sn* and Sn** 


Tonic Electroneg- 


Ion radius (7) ativity (e) ixe 
0.93 1.65 1.535 

BY) 1.00 99 

St 1.50 1.47 

Herth be esse .83 1.65 1.37 
Snte eae ee ee -71 1.80 1.33 
ot Leaps py Sc oa .68 1.60 1.088 
Rest 1s Bead aes .67 1.80 1.206 
Mio eis a8 tee eae .78 1.20 -936 
SC ene eee .83 1.30 1.079 


1 Modified from a statement prepared by Michael Fleischer, U.S. 
Geological Survey. 
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to other common metallic ions, tin may proxy for 
these ions in common minerals or may form tin ana- 
logs of common minerals. Thus tin may be dispersed 
in minerals containing iron, titanium, or calcium— 
for example, in biotite (up to several hundred parts 
per million), rutile (900 ppm), or andradite garnet 
(up to 1.7 percent). A good example of a tin ana- 
log is the mineral malayaite (CaSnSiO;), in which 
tin replaces titanium in the mineral sphene. Malaya- 
ite is found in contact-metamorphic skarns (El 
Sharkawi, 1966). It has long been known that mag- 
netite from skarns near tin deposits commonly 
contains tin in anomalous amounts, and recently 
Desborough and Sainsbury (1970) showed that cas- 
siterite from the Lost River tin deposits, Alaska, 
has exsolved from magnetite. Thus the iron-tin 
association is well established. 

The crustal abundance of tin is in the range of 
2-3 ppm (parts per million). Work by several inves- 
tigators on meteorites (Goldschmidt and Peters, 
1933; Onishi and Sandell, 1957; Borchert and Dy- 
bek, 1960) has shown that the nickel-iron phase 
contains an average of 100 ppm tin, whereas the 
chondritic phase contains about 5 ppm and the 
troilite phase about 15 ppm. This suggests that a 
primary enrichment occurred in the nickel-iron phase 
in the earth’s core. During the magmatic differentia- 
tion of the crust, tin is progressively concentrated 
in the more acid differentiates, as shown in table 133. 


TABLE 133.—Range and average contents of tin in various 


materials 
[Values in parts per million except where noted] 


Usual range 


Material reported Average 
Igneous rocks 
Wiltrameatichrocks)2= 255) —=-es eee 0.1-1.3 0.6 
basaliti cygnOcks ig ao ae i ae 0-8 1.1 
Intermediate rocks) 22222 = == sa 0-10 1.4 
piliciemrocks) 22= = <1-15 3.5 
Greisenspeen. Sis auNE cet SORE, = See f80=1780 0 eee 
All kalliconocks) 22 2 == 2 eae eee 8339 pt  ~eited 
Sedimentary rocks 
WMimestones! 721Le - ts see eee use Boe 0.2? 
Sandstonesy 4c) Saat ied oe ee ee LS 4? 
Shalessandiclaysy=—— 1-20 6 
Sollsaee aan ean See eee Mostly__ 0-10 8? 
Phosphoriter se d= eee = (ee eo 
Other materials 
Ground waters ___parts per billion__ 0-30 <il 
Oceansips =e aa nen nre ni Queemogigtaio: aoe 2 
LENG Xe, Syaen oyeqs| 2 8 Oe do- Shy Qiytt Tet hia oe 
Air, urban areas_nanograms/cu m__ EAA YGY puppies el 


Within sedimentary rocks, the amount and dis- 
tribution of tin is imperfectly known, although 
some shales may contain as much tin as tin-rich 
granites (table 133). However, no sedimentary rocks 
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are known that are enriched in tin to such a degree 
as to approach commercial ore. 

Of all the metals found in epigenetic deposits, tin 
shows perhaps the most clear-cut relation to a single 
rock type—almost all primary tin lodes are asso- 
ciated with biotite or biotite-muscovite granites, or 
their extrusive equivalents. This imposes certain 
parameters on rampant speculation about the gene- 
sis of tin deposits. Whatever the genesis, it has 
something to do with geochemical, physicochemical, 
or petrochemical processes that are peculiar to gran- 
ites. This is discussed briefly in the later section on 
genesis. 


GEOCHEMICAL CYCLE 


The knowledge of the geochemistry of tin is based 
largely on comparison of different types of analyses 
of different rocks and different types of deposits, 
from widely dispersed areas of the world. Before 
the geochemical cycle of tin can be understood fully, 
many more studies on complete rock suites, ores, and 
minerals from single districts are needed. The work 
of Butler (1953) in Cornwall is valuable in tracing 
tin through the weathering cycle. Data have been 
assembled, but only in preliminary form, from the 
Lost River area, Alaska (Sainsbury and others, 
1968), and are summarized in figure 71. (For de- 
tailed descriptions of the tin deposits and regional 
geologic setting, see Knopf, 1908, and Sainsbury, 
1964b and 1969.) This tin-bearing area is typical of 
the sulfide-cassiterite type of high-temperature de- 
posit, but unusual in that it includes large deposits 
of fluorite, containing beryllium in economic 


| amounts which are zoned about the tin deposits. 


Several significant observations should be made 
about figure 71: (1) Tin is greatly concentrated in 
the granites relative to the limestone and shale 
through which the granites penetrated. (2) The 
heavy-mineral fraction of the granite unquestion- 
ably is the clearest indicator of associated tin de- 
posits, although the biotite also contains a high 
amount of tin. (3) Tin is slightly concentrated in 
the hornfels zones around the granite, and is highly 
concentrated in all the individual minerals separated 
from the tin and beryllium lodes, clearly recording 
a common genesis. (4) Soils (over limestone) are 
greatly enriched in tin over the ore deposits, and the 
tundra plants over ore bodies clearly are enriched 
in tin. (5) Bulk stream sediments are enriched in 
tin downstream from tin deposits. (Water was not 
analyzed.) 

More studies, and in greater detail, of this type 
are needed to establish criteria required for making 
valid geochemical comparisons in diverse areas of 
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Tin deposits 


Contact rock 
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Quartz 90 


Idocrase 770 
Garnet 2500 
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sediments 


140 
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Limestone 13 


No data 
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FIGURE 71.—Geochemical cycle of tin, western Seward Peninsula, Alaska. Number indicates maximum concentration, in 
parts per million. For granite the concentration is the average of five samples: for individual minerals in granite it is 
the average of three samples. In plants, the concentrations vary with plant type; value shown is the maximum observed 
gain over the corresponding soil. (From Sainsbury, Hamilton, and Huffman, 1968, pl. 2.) 


the world and for formulating dependable explora- 
tion techniques. In another area near the Lost River 
district, where cassiterite in placers is associated 
with quartz-cassiterite veins not accompanied by sul- 
fides, bulk stream sediments were devoid of geo- 
chemical anomalies, even though overlying a buried 
placer. Only panned concentrates revealed the pres- 
ence of the lodes (Sainsbury and others, 1970). 


TIN MINERALS 


Cassiterite (SnO.) contributes almost all the tin 
of industry, although small amounts are recovered 
from tin-sulfide minerals, such as stannite, cylin- 
drite, and teallite. The more common tin minerals 


are listed in table 134. This list is restricted to tin 
minerals containing oxygen or sulfur; tin also forms 


TABLE 134.—The more common tin minerals 


Geographic 
Name Composition occurrence 
Argyrodite -_-_--- ‘Aig. Gesne=- === Bolivia. 
Arandisite =--=--—— Complex tin silicate South West 
Africa. 
Berndtites==—————— iBetaisnS:ae ee Do. P 
Cassiterite ________ Sn@; 6 ae eee Worldwide. 
Canfieldite _______- Ag ST Scie Bolivia, _ 
Tasmania. 
Colusite = Cu;(As,Sn.V,Fe,Te)S: - Montana. 
Gyhndrites === DoSinSoSia sooes-=s2-= Bolivia, _ 
Tasmania. 


Franckeite ------- Phssnssbesu 225-2225 = Do. 
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TABLE 134.—The more common tin minerals—Continued 


Geographic 
Name Composition occurrence 
Herzenbergite ~____ SnGhSe sense eee Bolivia. 
Hielmitege === === Y,Fe,Mn,Ca,Sn-niobate. Sweden 
Hochschildite —--_-_ PbSnOsenH.O0 —------~-- Bolivia. 
EnGlsitewers sss 22 12(Fe,Mg) O° 2Fe.0;° Alaska 
1Sn0.° 3B.03°2H-0O. 
Malayaite __------ GasnSiQness2 os. == Malaya, 
Cornwall. 
Mawsonite __--_--- CuassFe@is.sSN100933 —=--—— Tasmania. 
Natives tine === == Sil gaan New South 
Wales. 
INaperitemg?—— =" —_= =" Complex tin silicate ___South West 
Africa. 
Nordenskioldine ___Ca,Sn(BOs;)> ~--------- Norway, 
South West 
Africa. 
Ottemannite __-__- ST Sate ae ee Bolivia 
Raizeite m= = =* 2 30FeO*5FeOz21Sn0. Alaska. 
6B.03°5H.O. 
Renierite =.5_2--=-* Cus(Ge,Fe,Sn,Zn)S,; —-- (?) 
Sorensenite __Na.SnBe2Si,Oi1(O0H): --Greenland. 
Stannite —__- 


Sukulaite __-_ 
Teallite 
Thoreaulith __-___- 
Varlamoffite 


compounds with tellurium and selenium, but only at 
high temperatures and pressures, and no such min- 
erals are known to occur in nature. Only in Bolivia 
are many of the sulfide minerals present in sufficient 
amounts to be recovered, and their recovery requires 
a complex hydrometallurgical treatment. Stannite is 
found in many tin-sulfide deposits, and small 
amounts are recovered. Of all the coproducts or by- 
products produced, tungsten is probably the most 
important. 


TYPES OF DEPOSITS 


Tin is produced from six different types of lode 
deposits, and from placer deposits. 


LODE DEPOSITS 
Lode tin deposits can be classified into six distinct 
types, following the classification of Ahlfeld 
(1958) : (1) pegmatite deposits, (2) pneumatolytic- 
hydrothermal deposits, (3) subvolcanic or tin-silver 
deposits, (4) disseminated deposits, (5) contact- 
metamorphic deposits, and (6) fumarole deposits. 


PEGMATITE DEPOSITS 


Tin-bearing pegmatites are generally associated 
with granitic rocks and contain cassiterite (SnO.), 
as well as other uncommon, valuable minerals such 
as columbite-tantalite, beryl, or spodumene. Most 
productive pegmatites are in areas of deep tropical 
weathering, which permits the economic exploita- 
tion of pegmatites that contain less than 0.4 percent 
tin. Some pegmatites are very large, contain cassi- 
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terite throughout, and constitute major reserves of 
tin; one example is the Manono pegmatite in the 
Democratic Republic of the Congo, which is 10 
kilometers long and 100-400 meters wide. 


PNEUMATOLYTIC-HYDROTHERMAL DEPOSITS 


Most of the major lode tin deposits of the world 
(those of Bolivia excepted) are of the pneumato- 
lytic- hydrothermal type. (This distinction of the Bo- 
livian type of deposit from what may be called the 
Cornwall type may not be valid. The authors here 
are following most other workers, who consider them 
in separate categories.) Lodes are near or in biotite 
or two-mica granite and form replacement deposits 
or fissure fillings in diverse types of country rock. 
Owing to a regional zonation commonly displayed, 
deposits vary widely in mineralogy. In or near gran- 
ite, lodes typically contain cassiterite in greisen 
(quartz-mica rock) or quartz-topaz-tourmaline rock 
that also contains wolframite and many base-metal 


; sulfides. Farther from the granite, some lodes con- 


tain stannite (Cu.FeSnS,), base-metal sulfides, and 
silver; in some places, the deposit may be valued 
principally for the silver content. Some individual 
deposits are very large, such as the Dalcoath lode 
in Cornwall, England, which produced 80,000 tons of 
tin (Dines, 1956). 


SUBVOLCANIC OR TIN-SILVER DEPOSITS 

The subvoleanic or tin-silver type of deposit is 
exemplified by the mineralogically complex and very 
rich deposits of Bolivia, where bonanza tin lodes 
also contain large amounts of silver. Deposition in 
a near-surface environment led to strong telescoping 
of the deposits and to mineralogical complexity, 
which creates a problem in the recovery of tin. Rare 
tin-bearing minerals, such as teallite, herzenbergite, 
cylindrite, and canfieldite, are common in these de- 
posits. Individual mines in such deposits have pro- 
duced enormous amounts of tin; one mine at Llalla- 
gua, Bolivia, produced over 500,000 tons (Ahltfeld, 
1936). 


DISSEMINATED DEPOSITS 

In these deposits, cassiterite in small amounts is 
disseminated widely in altered granite, especially in 
border zones or parts changed by addition of tour- 
maline, topaz, or fluorite. Although only a few dis- 
seminated deposits are worked commercially at pres- 
ent, erosion of such lodes (particularly border zones 
of granites) has resulted in large and rich placer 
deposits (Southeast Asia and elsewhere). 


CONTACT-METAMORPHIC DEPOSITS 
Contact-metamorphic deposits are fairly uncom- 
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mon and generally consist of cassiterite or malaya- 
ite in tactites near granite (Cornwall). The miner- 
als customarily associated are magnetite, garnet, 
pyroxene, fluorite, tourmaline, various sulfide min- 
erals, and, in the Lost River area, Alaska, beryllium 
minerals (Sainsbury, 1964a). The grade is generally 
less than 0.5 percent tin, but large tonnages and po- 
tential byproduct recovery of base metals, beryl- 
lium, and fluorite may give added importance to 
such deposits when other tin supplies dwindle. 


FUMAROLE DEPOSITS 


The term “fumarole deposits” was used by Ahl- 
feld (1958) to describe small but widespread depos- 
its that form fracture fillings in Tertiary lavas. The 
fracture fillings contain cassiterite generally inter- 
grown with specular hematite, and minute grains of 
cassiterite are distributed in kaolinized wall rock 
along veins. A few deposits are mined commercially, 
on a small scale. Placers derived from the erosion 
of such veins are mined in Mexico, New Mexico, and 
Argentina. 


PLACER DEPOSITS 


Worldwide, placer deposits are more productive 
and more cheaply mined than lode deposits; they 
furnish, therefore, most of the commercial produc- 
tion. Cassiterite, the main tin mineral of commerce, 
is both heavy and chemically resistant; conse- 
quently, it forms large placers or residual concen- 
trations. Placers can be conveniently classed as 
residual, eluvial (slope), alluvial (stream), marine, 
and fossil placers. 


RESIDUAL PLACERS 


Residual placers form in place over a bedrock 
source of cassiterite by the chemical decay and re- 
moval of the rock minerals. At places, such as Kito- 
lolo in the Democratic Republic of the Congo, resid- 
ual placers grade downward into weathered lodes 
and are mined either as placers or as open-pit lodes. 
In a truly residual placer, the enriched zone contains 
not only heavy minerals such as cassiterite and 
columbite-tantalite but also chemically resistant 
light minerals such as beryl. In Indonesia, residual 
placers commonly are cemented tightly by hydrous 
iron oxides, forming the “kaksa” of industry, which 
must be crushed to free the cassiterite. 


ELUVIAL (SLOPE) PLACERS 


Eluvial placers are formed by the chemical decay 
of tin-bearing rocks and the gravity separation of 
cassiterite and other heavy resistates as the decayed 
mantle moves downslope under the influence of 
sheetwash, gravity, and, locally, frost action. Such 


placers grade imperceptibly into residual placers up- 
slope, and often into alluvial (stream) placers down- 
slope. Because of active gravity sorting, some elu- 
vial placers are richer than residual placers; many, 
however, contain coarse rubble, and, in cold regions 
(Alaska and Siberia), fragments of unoxidized de- 
leterious constituents such as arsenopyrite. 


ALLUVIAL (STREAM) PLACERS 


Alluvial placers, by far the largest and richest 
placers, furnish most commercial tin. In 1964, al- 
most 60 percent of the world’s tin production came 
from alluvial placers in Southeast Asia (Shelton, 
1965). Other major producing placer areas are in 
Nigeria and in the newly developed tin fields in the 
Territory of Rond6énia, Brazil (Brazil Div. Fomento 
Prod. Mineral, 1964). Alluvial placers occupy both 
modern and fossil streambeds, and the distribution 
of tin is dependent upon the location of the source 
areas and the hydraulics of running water. The best 
placers are formed near lodes in sections of streams 
where the velocity is sufficient to result in good 
gravity separation but not enough so that the chan- 
nel is swept clean. A type of location proved to be 
especially favorable for placer tin is a long stream 
that flows parallel to the margin of a tin-bearing 
granite. 

In Southeast Asia, stream placers formed sea- 
ward of present shorelines when sea level was eu- 
statically lowered periodically during the Pleisto- 
cene. These stream placers now lie beneath sea 
water; they are mined by seagoing dredges. In Ron- 
doénia, Brazil, some placers lie in areas so low that 
sea water covered them during certain interglacial 
periods when sea level stood much higher than at 
present. Elsewhere in the world, as in Cornwall and 
Tasmania, both lode and placer deposits occur 
within areas which have fluctuated between land and 
sea bottom during Pleistocene climatic changes; 
placers in such areas may have characteristics of 
both marine and alluvial deposits. 

Owing to the long exposure to air and water and to 
good gravity separation, tin concentrates produced 
from alluvial placers are relatively free of deleter- 
ious constituents and may contain as much as 70 
percent tin; as such, they constitute prime smelter 
concentrates. 


MARINE PLACERS 


Most marine placers are beach placers or inun- 
dated beach placers. They form where a marine 
shoreline intersects or transgresses either a stream 
valley containing alluvial cassiterite or a bedrock 
source of tin. Although a true beach placer norm- 
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ally has a large length-to-width ratio, a placer of 
transgressive origin may consist of a sheet of heavy 
minerals buried beneath marine sediments (Aus- 
tralia). Placers of this type have yielded large 
amounts of cassiterite in Indonesia (Bangka and 
Billiton Islands) and will continue to do so. 
FOSSIL PLACERS 

Any or all of the preceding four types of placers 
may become fossil placers by burial beneath younger 
sediments or lava. Uplift and renewed erosion along 
disrupted drainages may expose such placers irregu- 
larly, and second-cycle alluvial placers may be gen- 
erated (Nigeria). Depending in part on the geologic 
age, the gravels of some fossil placers may be lithi- 
fied to such an extent that they must be mined by 
lode-mining methods. In others, major postdeposi- 
tional changes, such as partial solution of cassiter- 
ite, may affect the value. 


RESOURCES 


IDENTIFIED RESOURCES 

Tin resources of the world were computed by 
Robertson (1965); his figures were incorporated 
with some modifications and additions into a report 
by Sainsbury (1969). These two reports contain the 
facts and presumptions of the calculations of re- 
serves and brief descriptions of the main tin-pro- 
ducing deposits of the world. 

In the present report, new calculations have been 
made, principally to accommodate this volume’s 
classification of undiscovered resources in both 
known and unknown districts. Such geologic calcu- 
lations require a bold and optimistic approach, and 
new figures are presented herein (table 135). Fac- 
tors which can be used to estimate undiscovered 
resources are largely geologic and partly intuitive 
and include: 

1. History of production. 

2. Rapid rise of reserve figures in newly discovered 
districts, such as RondOnia, in Brazil. 

3. Potential favorability of parts of the world in 
which even basic geologic mapping is lacking. 

4. Unexpected new developments in old districts, 
such as the major ore bodies opened recently 
in Cornwall. 

5. Comparison of tonnages mined in countries hav- 
ing a long production history, such as Malaysia, 
with other countries having a substantial pro- 
duction but with higher grade known reserves, 
such as Indonesia and Thailand. 

When these factors are applied optimistically, the 


potential resources of tin in undiscovered districts | 


seem to be large, and reserves and resources in 


known districts are increased substantially over the | 
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previous estimates by Robertson (1965) and Sains- 
bury (1969). 

The tin reserves and resources of China, Russia, 
and other Communist countries cannot be assessed 
accurately from published data. Even the Interna- 
tional Tin Council has not attempted a tabular sum- 
mary. For this report, however, we have estimated 
the magnitude of tin reserves and resources of China 
and Russia. 

As can be seen from table 135, all the identified 
tin resources lie within the established tin-producing 
countries. The figures given for these resources do 
not differ greatly from those of the previous re- 
source calculations mentioned above. In this report, 
inferred reserves for countries with revived mining 
of substantial amounts of tin, such as England or 
Australia, are assumed to be equal to or greater than 
their measured and indicated reserves. In other 
countries, such as Zaire (the Congo) and Thailand, 
inferred reserves must be much greater than the 
figures for measured and indicated ore. 

Probably the greatest departure from earlier 
reserve estimates is the assignment of substantial 
proved and inferred reserves for England and Aus- 
tralia and greater inferred reserves for Indonesia 
and Thailand. The greater inferred reserves for In- 
donesia and Thailand are based directly upon a com- 
parison of grade of material being mined by dredges. 
Inasmuch as the tin-producing areas in Thailand, 
Malaysia, and Indonesia are roughly comparable in 
size, a large amount of tin will no doubt be mined in 
Thailand and Indonesia before the grade of their 
alluvial deposits drops to that being mined today in 
Malaysia. 

Because classes of reserves in this report differ 
from those in all previous reports, no direct compari- 
son can be made beyond the figures for identified 
resources, which roughly correspond to the total in 
categories historically called measured, indicated, 
and inferred. 


HYPOTHETICAL RESOURCES 


Evaluation of hypothetical resources can be based 
in part on the past mining history of an area. 
Countries such as Malaysia and Indonesia, which 
have produced large amounts of tin for nearly a 


| hundred years and which can expand their produc- 


tion greatly if a slight price increase and an ade- 
quate market warrant, are going to continue to 
produce tin for nearly as long as they have already 
done. Other countries, such as Nigeria, have well- 
known limiting factors which suggest that they may 
not be able to produce for extended periods of time. 
Hence, their subeconomic resources must be smaller. 
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TABLE 135.—Tin reserves and resources of the world, in long tons of tin metal 


Reserves: Identified deposits from which minerals can be extracted 
profitably with existing technology and under present economic con- 
ditions. 

Conditional resources: Specific, identified mineral deposits whose con- 
tained minerals are not profitably recoverable with existing tech- 
nology and economic conditions. 


Hypothetical resources: Undiscovered mineral deposits, whether of re- 
coverable or subeconomic grade, that are geologically predictable as 
existing in known districts. 

Speculative resources: Undiscovered mineral deposits, whether of recover- 
able or subeconomic grade, that may exist in unknown districts or in 
unrecognized or unconventional form. 


Reserves Conditional resources Undiscovered resources 
Country Measured 
plus Inferred Paramarginal Submarginal Hypothetical Speculative 
indicated 
North America: 
ES 7 Paes a a iit i i 8,435 Sel OO ue eee es 43,000 40,000 70,000 
Ganadas.. ens ee Se 10,000 10,000 14,000 LA000M @ see eke 200,000 
IMiexi Go; 2 524 Re ee ees 1,000 5300.0 yey the eee hay He aa RS ag AN cat ea 47,700 
Total Deieu ewes it te 19,435 48,100 14,000 57,000 40,000 317,700 
South America: 
Boliviaete. ch Si etek ewes 485,000 5001000 anaes see 500,000 1250000: = 
Bia 71] eee tee ee ee eS 300,000 300,000 1074000 Sau e 1,674,000 1,000,000 
A SEN tina ee eer ee ene ee 3,000 SOOO ee eee ee ee ae RSL Ee ere eee 7,000 
otal fesse. a ete. Be eee 788,000 803,000 1,074,000 500,000 2,924,000 1,007,000 
Europe: 
1D oa 1 Rage SS a a lt etl 128,700 MOB S00U 4g ee 600.000 425:000(-" Geese ee= 
Sia yal Ioyapyeyl 15,000 IO 00) (EMR 2s Re Meat 150,000 150/000) ee 
Hance) Sas = Bae St ek ON ALQOO WE fish toa 4,000 ( \wceeeee ey i eee 
TotalWees= 2 Acer. ety s tee 148,700 VATATOO 2 YOR S ee 754,000 1075" 0.0 Oe 
Asia, Non-Communist: 
Indonesia} 24+ te wt = ben dhow 500,000 1,860,000 540,000 540;000)) 9 et =--aeepe ee 
Malay siaye2— = Sate ol ee te 600,000 23,0100 0 eee 1,000,000 1,500,000 1,000,000 
Phailand 2 4.2 eee eae 217,000 1,000,000 1F860°000T =a = ea 1,500,000 1,000,000 
Burma: Bees Se Ses eee 250,000 250000 inte eee) plea eeor ts 250,000 250,000 
Otherscountnics| sa emanee 17,500 GOMOOO ia: eae a ie eee pales oo eo 100,000 
Motel] <2 ea en 1,584,500 3,430,000 2,400,000 1,540,000 3,250,000 2,350,000 
Africa: 
Nigeria, fa= =i ee eee 138,000 1138:0000 ee 100,000 215003000) eae 
CAN Se Se Seeiges =s ae seee o 65,000 130,000 LOCOO00. Te eee hearer 1,000,000 
Other tcountriesi= =e 117,000 TOO se 2200008 Seas 330,000 
Potala sees Se ae 320,000 385,000 1,000,000 122,000 500,000 1,330,000 
Australias ands Lasmani aye 94,330 94,000 100,000 100,000 100,000 500,000 
Chinalss 52. eos SD OTe Se 500,000 1,000,000 1,000,000 1,000,000 1,000,000 1,000,000 
WES Sones Se ae ne eee a by ea 200,000 420,000 300,000 300,000 300,000 1,000,000 
Worlel waa) 2 3,649,965 6,327,800 5,888,000 4,373,000 9,289,000 7,504,700 


‘Inferred reserves in Indonesia are greatly expanded over the estimate 
of Sainsbury (1969) on the basis of grade of placer deposits being 
dredged currently in Malaysia and Indonesia. Present grade of Indonesia 
dredge ground is about 0.62 lbs per cu yd, somewhat higher than that 
dredged in Malaysia in 1947. Hence, before grade in Indonesian placers 
falls to the level of current grades in Malaysia, as much tin will be 
produced from Indonesian placers as was produced in Malaysia between 
1937 and 1971, or about 1,860,000 long tons. 


SPECULATIVE RESOURCES 


In assessing the possibility of finding new dis- 
tricts, several factors unique to tin must be con- 
sidered. These are: 

1. Tin has been mined and used throughout the 
world for thousands of years, and whatever 
major tin deposits exist in regions settled or 
penetrated by civilized peoples have probably 
been discovered. Conversely, entire new dis- 
tricts might still be found in remoter regions, 
as attested by the recent discovery of a major 
district (Rondonia) in western Brazil. 

2. Hach discovery of new tin deposits merely rein- 
forces the fact that deposits containing eco- 


2The same computation used for Indonesia was applied for Thailand 
on the assumption that the stanniferous areas were equal to those of 
Malaysia. 

®%In old channels buried under volcanic rocks. 

4 Republic of South Africa, South West Africa, Southern Rhodesia, 
Cameroons, Burundi-Urundi, and the north African countries. 

5 These are classed as no better than educated guesses. 


nomic amounts of tin are invariably similar to 
those deposits which have been mined for 
thousands of years. One cannot, therefore, even 
validly speculate that new types of deposits 
will be found for tin, such as have been found 
recently for beryllium (Spor Mountain, Utah; 
Lost River, Alaska) or for gold (Carlin and 
Cortez, Nev.). 

3. Many of the great mining districts of the world 
were found by Cornish miners who left Corn- 
wall after her mining industry collapsed, and 
who migrated all over the world. In their 
search for gold, diamonds, or base metals, these 
miners are unlikely to have overlooked major 
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tin deposits in areas they penetrated. 

4. Finally, with the possible exception of commer- 
cial deposits of chromite, tin displays such a 
well-marked geologic association—with acid 
granitic rocks or rhyolite—that speculation as 
to the finding of major tin reserves and re- 
sources in entirely new geologic environments 
is without any redeeming value; it is like 
speculation as to the possibility of the seventh 
dimension, and the planning of structures 
based upon the speculative existence of it. 

In assembling the table of undiscovered resources, 
it has been assumed that but a few new tin deposits 
will be found. For instance, the estimate of U.S. 
resources includes the assumption that tin deposits 
may be found on the Aleutian Islands, whose geology 
is roughly comparable to the Japanese Islands, which 
have produced moderate amounts of lode tin. Some 
tin deposits may be found in the southern Alaska 
Range, where placer tin has long been known and 
where Reed and Elliot (1970) have found tin anoma- 
lies in stream sediments near biotite granites. Analy- 
ses of placer concentrates collected between 1900 
and 1954 from many Alaskan streams have shown 
that noteworthy tin occurs in numerous localities 
where tin deposits are not known (J. C. Hamilton, 
written commun., 1972). Tin-bearing lodes may be 
found, but no major new districts are believed likely 
to exist near such areas. In Canada, perhaps a few 
more mines similar to the Sullivan will be found, as 
will be more mines similar to the Mount Pleasant in 
eastern Canada. But speculation about the finding 
of large reserves in North America faces one rigid 
fact—there are no known large tin deposits, lode or 
placer, even in areas with favorable rock types. 
Again, most of these areas have been panned by the 
gold seekers. ; 

On the basis of the above factors, one cannot 


reasonably expect to find speculative resources of | 


any magnitude in the United States, and areas fav- 


2 O O Q | 
orable for new deposits in North America are vir- 


tually limited to areas such as the Canadian Shield 
or the rhyolite areas of Mexico. Such deposits likely 
will be small. 

In South America, areas may remain in Rondonia, 
possibly even in easternmost Bolivia, in which many 
new deposits similar to those now known may be 
found. This leads to large speculative resources in 
South America. Inasmuch as the large Rondonian 
deposits occur in and near Precambrian granites, 
one can speculate that the Precambrian Shield areas 
in the Guianas and eastern Colombia may also 
contain tin deposits. Perhaps a field even as large 
as the Nigerian tin fields could exist there. Else- 
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where in South America, speculative placer resources 
in Bolivia would exist near some lode tin deposits 
and hypothetical resources would be in deeper, un- 
known ore bodies in known districts. 

In Europe, there is little likelihood for the dis- 
covery of large new districts. However, it is as- 
sumed that at least 10 more Wheal Jones, or South 
Croftys, will ultimately be found in the old estab- 
lished Cornish mining district. In Spain and Portu- 
gal, because of the favorable geology, the known 
deposits, and the archaic state of mining and ex- 
ploration, large amounts of tin are assumed to 
remain in unknown deposits. Nowhere else in Europe 
can one postulate substantial tin resources, even in 
the Erzgebirge, because the intensive exploration 
and mining by the Germans during World War II 
have exhausted that possibility. 

In Asia, the long history of mining, the great ex- 
tent of the placer deposits, and the remoteness of 
much of the jungle country probably insure that 
new lode and placer deposits will be found. Large 


| reserves undoubtedly lie offshore on the Sunda Shelf 
_ and ultimately will be found and mined. Tin will be 
| found in Burma, perhaps mostly associated with 


tungsten deposits, but most of this tin will be in 
the known tin belt. 

Because of the remoteness, the jungle cover, and 
the relative recency of the discovery of the tin 
fields of Zaire, both sufficient area and favorable 
geology indicate the possibility for discovery of an- 
other tin field the size of the Nigerian field. In 
northern Africa, the scattered known deposits, asso- 
ciated with biotite granite, the remoteness of the 
area, and the poor state of geologic knowledge all 
suggest that tin deposits may be found there. 

In Australia, the rapid resurgence of tin mining 
since 1965 proves that new deposits will be found, 
principally in Tasmania and possibly in Western 
Australia. 

In Communist China, it is assumed that new de- 
posits will be found in the remote ranges of the 
Himalayas, as well as in known districts, when 
modern mining and exploration techniques become 
available, but elsewhere in China the long occu- 
pancy by civilized people who have used tin suggests 
that major new districts probably will not be found. 

In the U.S.S.R., tin deposits not yet known prob- 
ably exist in the tundra-covered areas of Siberia 
and in the Magadan area of eastern Siberia, for 
numerous deposits have been found in these areas 
since World War II. Despite the large number of 
Soviet geologists actively employed in economic 
geology, it is unlikely that Asiatic Russia has yet 
been adequately explored, though it is unlikely, too, 
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that large new tin districts will be found. 

Resources which may exist in Antarctica and 
Greenland are not considered because data on which 
to base realistic evaluations are not available. 

The grand total of all the reserves and resources 
listed above is about 37 million long tons of tin. 
This is sufficient to sustain a world consumption of 
200,000 long tons of tin per year for about 185 years. 


PROSPECTING TECHNIQUES 


Before discussing the methods used in searching 
for tin deposits, the authors would like to repeat 
two statements made by K. F. G. Hosking at the 
First International Symposium on Tin, in London, 
in 1967 (Hosking, 1967, p. 269). 

Sound prospecting programmes designed to locate new 
primary tin deposits are usually based, to no small degree, 
on the designers’ views concerning the relationship between 
such deposits and granitic rocks. 

* * * * * 

As far as possible the writer has refrained from discuss- 
ing those questions of relationship which require considera- 
tion of the sources of granite magmas, granitising agents 
and ore-forming ones, and theories of the nature of these 
agents and of the chemistry of ore genesis. He has adopted 
this line of action because he believes that a good explora- 
tion program must be based essentially on facts, and that 
a program founded largely on theoretical concepts, how- 
ever sophisticated the latter may appear to be, is little 
better than one which requires only that a blind-folded per- 
son should stick a pin in a map in order to find a tin de- 
posit. 

Following somewhat along the lines above quoted, 
the authors are here confining their discussion to 
the accepted exploration techniques. These tech- 
niques are based in part on application of concepts 
that were originally theoretical but have been ‘‘sta- 
bilized” by a long history of facts. 

In regional exploration, analyses of major tec- 
tonic and petrologic features are of great value. 
Because of the obvious relation of all known tin 
deposits to acid granitic rocks, tectonic elements 
that localize such granitic rocks are considered; 
these elements vary from major mountain ranges 
with granitic cores, subjacent volcanic rocks, and 
extrusive rhyolites to isolated stocks and bosses of 
proper composition. Certain factors may then be 
evaluated for localizing favorable ground within the 
larger elements; these factors may be grouped 
under two broad categories: tectonic and geo- 
chemical. 

Numerous authors have noted that the apical 


parts of granitic masses, as well as the margins, are | 
especially favorable for the occurrence of tin de- | 
posits. Hosking (1967, 1969, 1972) holds that these | 


apical parts, which he calls “cusps,” are of great, 
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almost overriding, importance in localizing tin de- 
posits. Other authors (Stemprok, 1967; Sainsbury, 
1969; Dines, 1956) are inclined to consider that 
postgranite fractures of both regional and local 
extent are of great importance in localizing the 
larger and richer lode ore shoots of some of the 
world’s tin districts. When one studies the descrip- 
tions of the great lode mining districts of the world, 
one cannot escape the conclusion that most rich veins 
are localized along fractures which formed long after 
the consolidation of the enclosing granite. Where 
great tin lodes are mined within great expanses of 
granite, such as in Cornwall, in veins that (1) con- 
form to regional fracture patterns which cut the 
granites, and (2) may lie entirely blind thousands 
of feet below the present surface (which itself is an 
unknown distance below the original apical part of 
the granites) as at South Crofty mine in Cornwall, 
then it is extremely difficult to relate the tin to 
“cusps” (cupolas?) on the original surface of the 
granite. Even Hosking himself pointed out that re- 
gional fracture patterns have localized deposits in 
Cornwall (Hosking, 1967, p. 297). 

The margins of granites, however, have been 
proved to be especially favorable places for the oc- 
currence of placer deposits, especially where streams 
have followed long distances along such margins. 
Stemprok (1967) showed that margins of granitic 
rocks in the Erzgebirge in Czechoslovakia are en- 
riched in tin, and he related this enrichment to the 
escape of volatiles from deeper parts of the granite 
mass along joints and fractures in the shell of the 
granite. Sainsbury (1964b) has shown that even 
though the main tin-tungsten-beryllium-fluorite lode 
at Lost River, Alaska, lies generally above the apex 
of the granite (thus supporting Hosking’s views), 
the main tin lodes are along faulted dikes intruded 
along faults of a regional set which cut the granites 
and postdate them by an appreciable time. An en- 
richment of tin in the marginal shell of the granite 
is related to small veinlets localized in the cooling 
joints of the granite. Again, Stemprok and Sulcek 
(1969) have shown that tin-bearing granites in the 
Krusné hory Mountains of Czechoslovakia have 
marked alteration along flat-lying zones at great 
depths in the granite. The Bolivian deposits are 
localized near subjacent porphyry intrusions, but 
they lie along veins that pass downward out of and 
beyond some of the porphyry intrusives. 

A reasonable conclusion is that tin deposits of 
large tonnage and low grade may be directly related 
to the “bleeding off of volatiles above cupolas 
(“cusps”) of granites or along the fractured regions 
of such intrusives but that the large and rich veins 
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are localized in faults and fractures that postdate 
the intrusives and may or may not have any rela- 
tionship to “cusps.” 

Hence, in regional exploration of granitic ter- 
ranes, a study of the major fracture patterns is 
invaluable. It is especially valuable to determine 
whether regional faults or fractures followed the 
intrusion of the granites closely enough in time to 
allow for the cooling of the shells of the intrusives, 
entrapment of volatile elements in deeper parts of 
the granites, and then rupture of these deep parts 
by major fractures while volatiles were still able 
to escape at high temperature. 

Once a favorable granitic terrane is recognized, 
can one use the petrogenic characteristics of the 
granites to give a dependable clue as to whether 
tin deposits are likely to be associated? The litera- 
ture upon this subject is voluminous and in large 
part contradictory. For a good discussion, see Hos- 
king (1967), who rather effectively showed that to 
date the only infallible indication of a granite that 
is favorable for tin deposits is the known presence 
of tin deposits! On the other hand, Beus (1969, p. 
70) has shown, by a statistical treatment of data 
obtained by analyses of both bulk granite and bio- 
tite, that statistically significant variations are 
found between granites of nonstanniferous regions 
and granites of stanniferous regions, as well as 
between biotites from such granites, in certain areas 
in Russia. Beus’ figures show that 98 percent of 
samples from granites of nontin-bearing provinces 
must contain less than 10 ppm tin, whereas only 
12 percent of samples from granites of stanniferous 
areas contain less than 10 ppm tin. However, we 
must still face the fact that the determination that 
a granite (or granites) contains a high amount of 
tin (more than 100 ppm) is still no guarantee that 
a single workable tin lode will be found in or near 
that granite. 

A further problem encountered in the search for 
tin deposits using the geochemical and petrologic 
features of granites is that the analytical methods 
used by different workers are not directly compara- 
ble and give wide variations in tin values for a 
single rock, and that the degree of freshness, possi- 
ble deuteric alteration, and classification of the rocks 
investigated are seldom standardized by scouting of 
several workers. 

Following a suggestion at the First International 
Technical Conference on Tin in London in 1967, and 
after additional discussion at the Second Interna- 
tional Technical Conference on Tin in Bangkok in 
1969, a cooperative program was set up to have 
analyses and petrologic descriptions made of the 
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same granites (in fact, sawed slabs of a single large 
piece of granite were to be used in the laboratories) 
to determine just how many variations would be 
found. Results obtained to date show that analyses 
and study by three different geological surveys have 
resulted in wide variations in tin content, as well as 
different classifications, for identical pieces of two 
Alaskan tin-granites. Results of continuing studies 
will be reported in an International Symposium to 
be held in Europe in 1974 (Dr. Miroslav Stemprok, 
Ustredni Ustav Geologicky, Malostranske Nam 19, 
Praha, Czechoslovakia). 

In the geochemical prospecting of an area pre- 
sumed to contain tin deposits, the standard tech- 
niques of panning of stream gravels and collection 
of stream sediments are used—and this cannot be 
overemphasized—but they do not always give com- 
parable results! Because cassiterite, the main ore 
mineral of tin, is both heavy and chemically stable 
in the surface environment, panned concentrates 
from streams are a necessity in searching for tin 
deposits. Near the nonsulfide types of tin deposits 
no geochemical anomalies will be found in stream 
sediments, especially in the finer grained fraction. 
Varlamoff (1969) has shown that in the Congo only 
panned concentrates will reveal tin anomalies. Brun- 
din (1969) has shown that in geochemical prospect- 
ing in Sweden, in glaciated areas, heavy-mineral 
concentrates were necessary in searching for de- 
posits containing scheelite, cassiterite, and wolfram- 
ite, and also served in finding ores of sulfide min- 
erals containing base metals. Sainsbury, Hudson, 
Kachadoorian, and Richards (1970) documented an 
area in Alaska where a stream-sediment survey 
using —80 mesh or —40 mesh fractions of total 
stream sediments failed entirely to disclose tin 
placers (and associated base-metal lode deposits), 
whereas panned concentrates, irrespective of the 
concentration ratio achieved by panning, were in- 
fallible in tracking down the source area for the 
tin in placers. 

Where tin deposits of the sulfide-cassiterite type 
occur, stream sediments are useful indicators of 
such ore deposits. In the surface environment, stan- 
nite breaks down to varlamoffite, an earthy friable 
tin mineral which is easily incorporated into fine- 
grained sediments. Because many other ore elements 
are found in sulfide-cassiterite deposits, tin may be 
accompanied in stream sediments by such elements 
as copper, lead, zinc, silver, tungsten, beryllium, bis- 
muth, arsenic, and antimony, even in the clay-size 
or —80 mesh fraction. Typical values obtained in 
—40 mesh stream sediments downstream from a 
sulfide-cassiterite lode in northwestern Alaska are, 
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in parts per million: Be—41, Sn—1,100, W—70, 
Cu—150, Pb=150, Zn—300, As=—3,000, Li=8,000. 
Soils developed over weakly mineralized limestones 
near the ore bodies gave maximum values, in parts 
per million, of Be=270, Cu—610, Pb—2,100, Zn— 
5,000, and Sn—1,500, representing enrichment fac- 
tors respectively for the above elements of >180, 
76, >210, >50, and 500 as compared to nearby soils 
over unmineralized bedrock (Sainsbury and others, 
1968). Because many base-metal sulfide deposits con- 
tain some tin in sulfide minerals such as chalcopyrite, 
or discrete tin-sulfide minerals, tin values in the 
range 10-40 ppm may be found in stream sediments 
nearby, but they do not indicate tin lodes. In assess- 
ing small tin anomalies, it is valuable te consider 
the associated elements lithium, boron, and bis- 
muth, which generally are associated with tin de- 
posits. 

For a more complete discussion of pitfalls to 
avoid in prospecting for tin lodes, see Hosking 
(1965), as well as the numerous papers presented 
at the First and Second International Technical 
Conferences on Tin (Internat. Tin Council, 1968, 
1969). These volumes give excellent data on search- 
ing for both lode and placer tin deposits in various 
parts of the world. 

Most sulfide-cassiterite tin deposits, except pos- 
sibly those in Bolivia, are associated with large 
amounts of minerals containing fluorine and boron, 
especially fluorite and tourmaline. Therefore, all 
granites of potentially stanniferous areas which are 
fluoritized or tourmalinized should be carefully in- 
vestigated. In fact, the worldwide association of 


cassiterite with fluorine or boron is sufficiently close | 


that most workers are agreed that tin leaves the 
parent magma as tin complexes of fluorine and 
boron. It is immaterial whether we know exactly 
how these complexes form, or how they leave the 
magma; the association of tin and fluorine or boron 
still is a useful prospecting tool. 


PROBLEMS FOR RESEARCH 


The geology of lode tin deposits is well under- 
stood; the genesis of tin deposits and tin-granite 
remains a fertile field of debate, speculation, and 
little fact. Much of the recent information on the 
origin of tin-granites is of questionable value be- 
cause of sampling and analytical difficulties, and the 
senior author questions whether fundamental laws 
will ever be shown to exist to explain the so-called 
tin-granites. With respect to the actual search for 
tin deposits, the efforts required to collect large 
suites of rocks, treat them in the laboratory, analyze 
them, and manipulate the results by complex mathe- 
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matical mechanisms might well be less effective in 
finding ore than a similar amount of time, money, 
and effort invested in actual prospecting of known 
stanniferous areas. But no doubt geologists and geo- 
chemists will continue such investigations. 

With respect to scientific studies, several areas of 
total ignorance are at once apparent. For instance, 
no information is available on the isotopic composi- 
tion of tin in tin deposits. Such data are needed, 
though they may never lead to discovery of an ore 
body. Laboratory experiments are needed to dupli- 
cate the transfer of the numerous elements found 
together in tin deposits. Because the deposits in 
rhyolite are clearly formed during the crystalliza- 
tion of the magma, studies of fluid inclusions in 
these deposits would be invaluable. 

The authors are unaware of any studies currently 
in progress that would apply isotopic studies of 
oxygen and sulfur to the problem of genesis of 
different types of tin deposits. The very exhaustive 
and important study of the Bolivian tin deposits 
by Kelly and Turneaure (1970) suggests that of 
all the numerous tools available to study the tem- 
perature of formation of tin deposits, as well as 
the composition of the ore-forming fluids, fluid- 
inclusion studies are by far the most usable. Their 
study should provide a model for much more work 
like theirs—detailed, factual, and with arguments 
based upon the observed facts. That the ore-forming 
solutions were high-temperature (to 560°C) highly 
saline solutions that probably boiled at times will 
not but please hydrothermalists. And the added 
conclusions of Kelly and Turneaure that 

“The Bolivian province has provided an ideal test- 
ing ground for numerous laboratory geothermom- 
eters that have been proposed in recent years. The 
results obtained with the various sulfide thermom- 
eters have been generally disappointing and hardly 
justify the time invested.” 
will certainly disturb the “laboratory economic 
geologist’? and delight the field economic geologist. 
If their conclusion is true, cannot one validly ask 
“If such rigidly controlled laboratory experiments 
cannot provide dependable data on even the tem- 
perature of deposition of tin deposits, how shall we 
ever discover (and prove) the method of generation 
of a tin-rich magma?” 

One last and troubling problem in petrogenesis 
needs mention. The alkalic rocks in many parts of 
the world contain tin in amounts equal to or greater 
than the so-called tin-granites, yet no commercial 
tin lodes are ever associated with them. In a way, 
this fact refutes the possibility that the tin granites 
derive their tin from the surrounding rocks invaded 
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by the magma or that tin deposits are formed by 
circulating meteoric waters which set up a circula- 
tion cell about the intrusive, leaching metals from 
the surrounding rocks, transferring them in or 
alongside the intrusive and then redepositing them 
as the economic tin deposits. If such a mode of 
origin for tin deposits is to be seriously entertained, 
first must come a valid answer as to why tin-rich 
syenites, or other alkalic rocks which often rise 
through continental crust similar to the tin granites, 
do not have associated tin deposits. Research on this 
problem is much needed. 


REFERENCES CITED 


Ahlfeld, Friedrich, 1936, The 
Geology, v. 31, no. 1, p. 48-72. 

1958, Zinn und Wolfram, pt. 2 of Die metallischen 
Rohstoffe: Stuttgart, Ferdinand Enke, 212 p. 

Beus, A. A., 1969, Geochemical criteria for assessment of 
the mineral potential of igneous rock series during re- 
connaissance exploration: Colorado School Mines Quart., 
v. 64, no. 1, p. 67-74. 

Borchert, Hermann, and Dybek, Josef, 1960, Zur Geochemie 
des Zinns: Chemie der Erde, v. 20, p. 1387-154. 


Bolivian tin belt: Econ. 


Brazil Divisao de Fomento da Produgao Mineral, 1964, 
Pesquisa de cassiterita no Territorio Federal de 
Rondénia: Brazil Div. Fomento Producao Mineral 


Avulso 88, 61 p. 

Brundin, N. H., 1969, Some experiences in geochemical and 
heavy mineral prospecting: Colorado School Mines 
Quart., v. 64, no. 1, p. 89-94. 

Butler, J. R., 1958, The geochemistry and mineralogy of rock 
weathering: (1) The Lizard area, Cornwall: Geochim. 
et Cosmochim. Acta, v. 4, p. 157-178. 

Desborough, G. A., and Sainsbury, C. L., 1970, Cassiterite 
as an exsolution product in magnetite, Lost River tin 
mine, Alaska: Econ. Geology, v. 65, p. 1004-1007. 

Dines, H. G., 1956, The metalliferous mining region of south- 
west England: Great Britain Geol. Survey Mem., v. 1, 
508 p. 

El Sharkawi, N. A. H., and Dearman, W. R., 1966, Tin- 
bearing skarns from the northwest border of the Dart- 
moor granite, Devonshire, England: Econ. Geology, v. 
61, no. 2, p. 362-369. 

Goldschmidt, V. M., and Peters, Cl., 1933, Zur Kenntnis der 
Troilit-Knollen der Meteoriten, ein Beitrag zur Geo- 
chemie von Chrom, Nickel und Zinn [Note on the com- 
position of troilite nodules of meteorites and its bear- 
ing on the distribution of chromium, nickel, and tin in 
the earth]: Akad. Wiss. Gottingen Nachr., Math.-Phys. 
Kl., no. 3, p. 278-287. 

Heindl, R. A., 1970, Tin, in Mineral facts and problems: U.S. 
Bur. Mines Bull. 650, p. 759-771. 

Hosking, K. F. G., 1965, The search for tin: Mining Mag., 
v. 113, no. 4, p. 261-273. 

1967, The relationship between primary deposits [of 

tin] and granitic rocks—Internat. Tin Council, First 

Technical Conference on Tin, Haymarket House, 28 


651 


Haymarket, London: 

311. 

1969, The nature of the primary tin ores of south- 

west of England: International Tin Council, Second 

Technical Conference on Tin, Haymarket House, 28 

Haymarket, London. 

1972, Primary tin mineralization of west Malaysia; 
Regional conference on the geology of southeast Asia, 
in Harte, N. S., ed., Abstracts of papers: Geol. Soc. 
Malaysia, annex to Newsletter No. 34, p. 24-28. 

International Tin Council, 1968, A technical conference on 
tin, v. 1, 2, p. 1-641. 

1969, A second technical conference on tin, v. 1-3, p. 
11258. 

Kelly, W. C., and Turneaure, F. S., 1970, Mineralogy, 
paragenesis and geothermometry of the tin and tung- 
sten deposits of the eastern Andes, Bolivia: Econ. 
Geology, v. 65, no. 6, p. 609-680. 

Knopf, Adolph, 1908, Geology of the Seward Peninsula tin 
deposits, Alaska: U.S. Geol. Survey Bull. 358, 71 p. 
Lange, N. A., 1961, Handbook of chemistry [10th ed.]: New 

York, McGraw-Hill Book Co., 1969 p. 

Onishi, Hiroshi, and Sandell, E. B., 1957, Meteoritic and 
terrestrial abundance of tin: Geochim. et Cosmochim. 
Acta, v. 12, no. 3, p. 262-270. 

Reed, B. L., and Elliot, R. L., 1970, Reconnaissance geologic 
map, analyses of bedrock and stream sediment samples, 
and an aeromagnetic map of parts of southern Alaska 
Range: U.S. Geol. Survey open-file report, 145 p. 

Robertson, W. A., 1965, Report on the world tin position 
with projections for 1965 and 1970: London, Internat. 
Tin Council, 160 p. 

Sainsbury, C. L., 1964a, Association of beryllium with tin 
deposits rich in fluorite: Econ. Geology, v. 59, no. 5, 
p. 920-926. 

1964b, Geology of the Lost River mine area, Alaska: 

U.S. Geol. Survey Bull. 1129, 80 p. 

1969, Tin resources of the world: U.S. Geol. Survey 
Bull. 1801, 55 p. 

Sainsbury, C. L., Hamilton, J. C., and Huffman, Claude, Jr., 
1968, Geochemical cycle of selected trace elements in the 
tin-tungsten-beryllium district, western Seward Penin- 
sula, Alaska: U.S. Geol. Survey Bull. 1242-F, p. F1— 
F42. 

Sainsbury, C. L., Hudson, T. L., Kachadoorian, Reuben, and 
Richards, Thomas, 1970, Geology, mineral deposits, and 
geochemical and radiometric anomalies, Serpentine Hot 
Springs area, Seward Peninsula, Alaska: U.S. Geol. 
Survey Bull. 1312-H, 19 p. 

Shelton, J. E., 1965, Tin: U.S. Bur. Mines Minerals Year- 
book, 1964, v. 1, p. 1057-1073. 

Stemprok, Miroslav, 1967, Genetische Probleme der Zinn- 
Wolfram-Vererzung im Erzgebirge: Mineralium De- 
posita 2, p. 102-118. 

Stemprok, Miroslav, and Sulcek, Zdenék, 1969, Geochemical 
profile through an ore-bearing lithium granite: Econ. 
Geology, v. 64, no. 4, p. 395-404. 

Varlamoff, Nicolas, 1969, The bearing of tin minerals and 
ores in the weathering zone and the possibility of geo- 
chemical exploration for tin: Colorado School Mines 
Quart., v. 64, no. 1, p. 479-495. 


Wijland and Leiteritz p. 267- 


bud 
eit yy, Maan | HOM tt Oe ec ‘ala ema 


Pp Pins PR, Le be 
Oe oe AG), Ay , a3 taints cAs to any rade tes paar S| 76 
Vittber!® A AL Ree aa a veatt ta prien | 


Cig elit) Cm MAAROTEL HT VN MDT Pier’ 4 
par niliin, 3 Tan Kaen 
Gp rwuialah say dc ” bai Ale ABR. apa Py 


erase: elere dy ash 57s 


ne 


1 ee 


a ig “ 


heres) bayest aa ait aS a pasatid i eae 7 io) 

Ca 4 i Se oe pig DE 1 | ae th4 ait 

Wag: Riri bahay di Ar Rae ae eee 
Ul 


1 hia tiTy 


spas dab? wnt? 


+ pik 
| gals mpecute dh: 


nour ee eons y enero ert Laan 
| ercopl. case abana eat Te (teh A A 

| Sov vebaeratesattietton ti a oem Aer 
1 serach Ladanbennianldiewtean: ash ed ip 
if hiner MEET 
\\ tata wrote. vpiiby saoon te) latlaay 
sutigarna: att wily 


SWVCuURGCES | 


A 


Sasroaibianahabtaanr te shar yen 
fe totitnn: slash 


ave Cr ea me 


sonbne: olallinns 4g 
0}, eadicr cde MO Te 


1 foi5y8 rPauie mien yaa 
La Seki Gh ON perenne sat mt A dialyerine aI said s10, cloner scion lage 
ie sett Ts 4 ‘ 
: , sath he Uf cate thertranatar of We f if 
; alacant ne : fi A per met & iN , t ite i boveet® is ' ie : be! me: LBS 
% ty Ais My SOND ag sid ig ete pray Gg hc | Bie ant a hiya» 2 ia rr yeeert 
1AM Y 2 ab vi Ls pe See Wii et EDS COT WEN a i 


A ome Lganinityes' phemer i cumeotder if 
u / 


fnestor sae decereissicat ua ated 


Hig aceite! R 
tans Menai eeeve wt i eee, A= pal Vanes dite would Westra sea 
OT ro cogil t. || monbypat inane ltt as 
wh tbe fal} Pibeenadan Toy. a feted hacen FY t es ; ‘oh RS gen 
y a ee ky fh. y | akc me bale fone abioltyy [exicviacd: oF 
Wick i attoadee? a Hii en : he FIED ae Ae cay Hts cose rR PY a) Sa 
b ee ats ww va’ ibegds ae ete || Oe ain sat or mi? ieinrosika ae %) 
» Me) ‘4 , ie poss tg aban Lan AG Mi erty i, the Balt 
gv rsa dys ree. ASEM gph std, Land oft Sh, epas | yppreat pone) pc sey r nba be dey pare 
At eaten petit Hip aay Pa orl HEL GO re |i sll Fhe, mit Joryh i ae a wakinne ee 
ay a sagrribirus Py ara Bb, asi ; ts ae { wate avait oh yi) ne ou aun? 
1 eT ay Wiibemae ee ' [Pee |) Rare aes AE ASe! ol? ANN 
aii Abloniotw at fat! hen af LR te edesT | alts Vai thd anh ae bs | 
pentane oan hr F004: Garr ers poaieva, aii Fibs wie GEUTIGR Te UY aa Pele ig 
Winn oe) y yim 1b get " | ofthe) ge alte we Ty ih, afew yh42; a a, 
Ah ie few abled, e- ru oe 0 meray Pyy hr) han wry) Py , Wepurae SReAT ) 4 2a edt 
2 wh oe ye es: mw fi = Jiegt SRR Hy 
i . ie me Cs J wed “Hi i] hrs ea wh het at bite vated Hehe io 
SviGatall bo Mig rele py “in rein - iF Gittuieye AU Re a ET 
gyanit tw ar Aes SOAP Oe  t egey ! eA rie Tad eridy Pe eth Ea ae j vist vad ov Lrciit 
Ware Wyble cOP Baga Whe -ins |) tay PiBie dh oe Pita Mec 
" . Pir) te ; ial } ph vets abs nH peLeGuaur et 7 
Area) carte ‘ Theat “) i Heielers | MLE DAL 8, el 
Baintia yd 7 Once a Wr) lanintarya? | Laaroe at iron Noa! 
CAA TUE as Gla Teen e wna eo Pyrat: ven ab) PY i SaaS AE. et STF Anetsaae 
— § Searttalink (ene at eee od seine ang ( ioon praposed: da 
t rai ¢ ie Te | @ \ | pax Da vtottine yy why ape bie with il 
bi "7 eat cus argh hak he given nyh - f Be AN jai Cy WO es AYN", — 
et Ege Gol ata Ts eal a Apres prea yy Y oI Or vi aren Aas a 
Tit bmaine karTATOa AA ue TIE Las ; alate re: 
a7) Cp! hla perrie Water é iD anthesis ORLY OE 
y Oh BRT feet Yvette yang ace iSe ge irre on rents 
\ ula tt Quai PU oe, ee ls ae ey Preney altieurnite, Te bp eal ; 
Me ph, wees yd ay! that A i, ; ees atari a 
pris “S9a don \onrparig nt C eaten f 1 tees. rt TA ig ealeeedd 
ee toa OA ert - ONE eae ery ae Pi ERO) eM eee 1! 
fone ie aioe’ OF deprnltins : 
ieotiae) (anh: Aho eh esky ask veh ge pee Bt Linateeen AeaesINT Tee: ih Oe mn ca! 
Ah, Salk, al ho og ii? q rhe dé ete ie” TRA he gv 7 \ F j Tr 1 TT HOT. iat tis 
. . 1 mae J + ae 
meee) be RPE: ag ah APT Be RA 1A wage hat neithy ede Dasa we 
pity, oy 1 Bi Leet AL, TUE ‘Aggie! ' ’ i at xk dows 
~ite ¥ Net gaat aad ie Srlenan cue vi ny erred 7) a rapes Uy yes wena oh 
Whine) hd “Davee it «2 ook RAE NemiAy oi eta) A’? Chabal? it" pAb hae ARR Pia 
Hitiny ; Liagert eh Ce) aah ees oy) aeetgeholt Aya ciryat ran Arba? Hes ertesa 
\ Sot Pia et ith they i 1; 
Fi t MA a 1 Pitt i at ne a4 A 
' i emo thie POOR ae 


UNITED STATES MINERAL RESOURCES 


TITANIUM 


By Harry KLEMIc, SHERMAN P. Mars, and MARGARET COOPER 


CONTENTS 


Abstract of conclusions ---_-=---__-_-----_-__--__- 
Imtroductioni <2) 2 ee ero owe se ee ae 
Hxploitatront ee oon = ae ae CS Ee ese setts 


Prices, value of imports --_------------------- 
Byproducts and coproducts _------------------ 
Environmental problems 
Geologic environment 
Geochemistry ga" = en ae ae eee eee 
Titanium-rich minerals 
Primary rutile deposits -___----_---_---_------ 
Secondary rutile deposits _____-__-__-__-__-__- 
Primary ilmenite deposits ~-__-__-_----------~-- 
Secondary ilmenite deposits ___________-_-_____ 
Resources 
Identified titanium resources ___-___-___-_--___ 
Hypothetical resources 
Speculative resources __-_--__--_--_-_-_--__------ 
Exploration 


iBroblemsptornsneseanchpe ss === = ane = See 
Rererenceswmclted ip a= ss = ee oe ae ee 


72. 


136. 
137. 
138. 


139. 
140. 


141. 
142. 
143. 
144, 


FIGURE 


Graph showing ilmenite concentrate production 
for the world and the United States, and 
titanium slag production for Canada, 1951— 
(hk se Se ee ee ne eS Se 


TABLES 


World production of rutile, 1969-71 __-__-___- 
U.S. consumption of titanium concentrates, 1970 
U.S. imports of the titanium concentrates, 

ilmenite and rutile, 1967-71 ~-------------- 
Principal titanium-rich minerals __----------- 
Identified titanium resources in the United 

Stites = eee awe =. <j ee ee ee 
Identified titanium resources of the world --_- 
Identified world resources of rutile __-__-_--_- 
World reserves of titanium ~_--_------------- 
Hypothetical world resources of titanium -_~_- 


Page 
653 


653 
656 
656 
656 
657 
657 
657 
658 
658 
659 
659 
659 
660 
660 
661 
662 
663 
663 
664 


Page 


655 


Page 


655 
655 


656 
658 


660 
660 
661 
661 
662 


ABSTRACT OF CONCLUSIONS 


Titanium is an abundant element that is principally use- 
ful in the modern industrial technology of affluent societies. 
Titanium metal and alloys are used in the aerospace and 
chemical industries, and titanium dioxide is used in the 
welding-rod and pigment industries. Rutile (TiO2), ilmenite 
(FeTiO;), and titanium slag made from ilmenite are the 
principal raw materials from which purified titanium prod- 
ucts are extracted. The Kroll method, involving reduction 
of titanium tetrachloride in an inert atmosphere, is used to 
obtain metallic titanium. 

The United States is dependent almost entirely upon for- 
eign sources, mostly Australia, for rutile, but has substan- 
tial reserves and production of ilmenite. In 1970, U.S. de- 
mand for titanium was 490,000 short tons, and annual de- 
mand is expected to exceed 1 million short tons by the year 
2000. U.S. and world identified resources are estimated to 
be about 298 million and 2,000 million short tons of TiO:, 
respectively. Reserves of titanium in the United States in 
1970 were estimated to be about 25 million short tons of 
TiO., mostly in ilmenite. 

Rutile, ilmenite, and other titanium-rich minerals occur 
in primary deposits in igneous and metamorphic rocks and 
in secondary-type sedimentary deposits, especially placer 
sands. Research is needed to find new domestic titanium de- 
posits and processes for extracting titanium and other valu- 
able coproducts from complex ores. Environmental problems 
may limit the mining of some titanium deposits. 


INTRODUCTION 


Titanium is an abundant element that has become 
significantly useful industrially to man only within 
the past 100 years. Its principal uses are related to 
requirements and wants of modern industrial tech- 
nology and affluent societies. 

Titanium is a silver-gray metal that crystallizes 
in the hexagonal system below 882°C and in the 
cubic system above 882°C; it has a density of 4.5, 
which is only 75 percent of the density of steel 
(Barksdale, 1966). At low temperatures titanium 
and its alloys compare favorably in strength with 
some steels. At higher temperatures to 800°C, the 
strength-weight ratio of titanium is more favorable, 
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but above 800°C it weakens considerably, and above 
1,300°C it absorbs gases from the atmosphere and 
becomes brittle. This latter characteristic makes it 
necessary to utilize inert atmospheres or a vacuum 
in high-temperature processing or fabrication op- 
erations. Titanium metal has better corrosion re- 
sistance than stainless steel to sea water and other 
systems in which chloride ions are present. It is 
heavier than aluminum alloys but is much stronger 
and more chemically inert than aluminum. 

Titanium metal is widely used in the aerospace 
industries and in the chemical industry (Miller, 
1957; Stamper, 1970). In aircraft and spacecraft 
structural components, where strength to weight 
ratios are of great importance, the use of titanium 
alloys has grown rapidly. In the aircraft engine 
industry titanium alloys are used for parts requir- 
ing strength at high temperatures. In the chemical 
industry, where protection against corrosion is 
necessary, tubing, valves, pumps, and other plant 
components made of titanium alloys are widely 
used. 

Titanium dioxides have properties of whiteness, 
opacity, and chemical inertness that make them 
especially suitable for use as pigments in paints and 
other surface coatings and in plastics (Miller, 1957; 
Stamper, 1970). Titanium dioxides have another 
important use, as welding-rod coatings, where they 
protect the surfaces of the weld from unwanted 
reaction with the atmosphere during welding. Other 
uses of titanium dioxides are in the manufacture of 
mineral fibers, in ceramic components for electronic 
equipment, in alloys, and in carbides. 

Because the uses of titanium have evolved so 
recently, titanium and titaniferous materials are 
substitutes replacing other more commonly utilized 
materials. The production of titanium metal and 
titanium compounds of high purity involves com- 
plex and costly industrial processes, so these ma- 
terials now are utilized as substitutes in the few 
applications where advantages are gained in per- 
formance or cost. 

Unprocessed titaniferous magnetite ores are used 
in minor amounts as heavy aggregates because of 
their density. 

The principal raw materials for the production 
of titanium metal and titanium products are (1) 
titanium ores, containing the minerals ilmenite 
(FeTiO:;), its alteration product leucoxene, and 
rutile (TiO.) ; and (2) titanium slag made by smelt- 
ing ilmenite ores (Lawthers, 1957). Ilmenite and 
associated leucoxene are more abundant than rutile 
and are produced in many countries, including the 
United States (Lawthers and Mark, 1957; Lynd, 
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1960). Rutile, however, is available in the United 
States only in deposits that are economically mar- 
ginal or submarginal, and the United States, at 
present, is almost wholly dependent upon foreign 
sources for this material. 

Two principal processes employed in converting 
titanium raw materials to purified usable titanium 
products are the chloride and sulfate processes 
(Barksdale, 1966). Rutile is the raw material that 
is preferred for the chloride process, which involves 
the production of titanium tetrachloride, a highly 
reactive liquid that must be handled under inert 
conditions. The titanium tetrachloride is converted 
to titanium dioxide of the rutile type or to titanium 
metal. Ilmenite, leucoxene (ilmenite with a high 
titanium content), and titanium slag can also be 
used in the chloride process. 

In the sulfate process, either ilmenite (Temple, 
1966) or titanium slag is treated with sulfuric acid 
to yield solutions from which iron sulfates produced 
from iron in the ore are precipitated, and the 
titanium remaining in the solution is then extracted 
by precipitation. The titanium may be in two differ- 
ent forms of titanium dioxide, anatase or rutile, 
both suitable for use as pigments. 

Titanium metal is prepared commercially by the 
Kroll method (Stamper, 1970), which involves the 
reduction of titanium tetrachloride by metallic mag- 
nesium in an inert atmosphere and the formation 
of titanium sponge metal. Titanium sponge metal is 
melted in a vacuum to prevent reaction with gases 
in the atmosphere and is processed into titanium 
ingots. 

The United States, as a leading industrial nation, 
is a major producer and consumer of titanium 
metal and welding rods; and as an affluent society 
it produces and utilizes great quantities of pig- 
ments, as reported in U.S. Bureau of Mines “Miner- 
als Yearbooks, 1950-70.” It is one of the major con- 
sumers of titanium raw materials as well as one of 
the major producers of ilmenite. World and U.S. 
production of ilmenite concentrates and Canadian 
production of titanium slag in the last two decades 
are shown in figure 72. 

Production of rutile in recent.years has been lim- 
ited to only a few countries. Information available 
for rutile production in the world in recent years, 
as reported in U.S. Bureau of Mines ‘‘Minerals Year- 
book, 1970” and “Commodity Data Summaries, 
1972,” is shown in table 136. 

Closure of a mine in Sierra Leone in 1971 re- 
duced world production of rutile by nearly 10 per- 
cent, leaving Australia as the only major rutile- 
producing country. 
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FIGURE 72.—Ilmenite concentrate production for the world 
and the United States, and titanium slag production for 
Canada, 1951-71. Data from U.S. Bureau of Mines ‘‘Min- 
erals Yearbooks, 1950-70,” and “Commodity Data Sum- 
maries, 1972.” 


TABLE 136.—World production, in short tons, of rutile, 


1969-71 
1971 
Country 1969 1970 (estimated ) 
AtUIStralliay eee 399,100 405,735 410,000 
Sierra Leone _______ 31,379 48,593 12,000 
ndiagh = ee 2,751 2,756 
Cevloneeeens = 3,036 3,000 
South Africa _______ DAS ttre Se 
Not 

Brazil! . 2. ee vars 10 available 
Wndistributedw== 220 222 = a ee 8,000 

Motaliees == ee 436,819 460,084 430,000 
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The consumption of titanium concentrates in the 
United States exceeds domestic production. In 1970, 
the United States consumed titanium concentrates 
as shown in table 137 (U.S. Bur. Mines, 1972). 


TABLE 137.—U.S. consumption, in short tons, of titanium 
concentrates, 1970 


TiOz content 


Gross weight (estimated) 

Timenitewi =) ee 968,926 517,256 
Titanium slag __-______ 129,247 91,639 
Rutilege= =e ee 188,290 180,642 
Total estimated TiO, ____-______ 789,537 


In terms of the element titanium, consumption 
in the United States in 1970 was about 491,000 
short tons. Of this, approximately 325,000 tons was 
from ilmenite, 106,800 tons from rutile, and 58,800 
tons from titanium slag, and the remainder from 
imported titanium sponge, waste, and scrap, as re- 
ported in U.S. Bureau of Mines ‘‘Minerals Yearbook, 
1970.” 

The specific amounts of titanium used for produc- 
tion of various titanium products are not disclosed 
in order to protect data that are company confi- 
dential. However, the production capacity of the 
three companies that make titanium sponge metal 
in the United States is about 25,000 tons per year, 
and about 24,300 tons of titanium ingot, including 
alloys, was produced in 1970. Nearly 95 percent of 
the titanium metal consumed in the United States 
is used in the aircraft and spacecraft industry. Most 
of the remaining 5 percent is used in chemical in- 
dustries and in steel making. Titanium pigment 
production, in terms of contained TiO., in 1970 was 
about 650,000 short tons, and more than 15,000 tons 
of TiO. was used in the production of 212,000 tons 
of welding rods, as reported in US. Bureau of Mines 
“Minerals Yearbook, 1970.” 

Although the greater part of the titanium con- 
sumed in the United States is in the form of pig- 
ment, the uses of titanium metal and titanium di- 
oxide in the form of rutile are considered to be of 
strategic importance, and the Government main- 
tains stockpiles of these materials. In December 
1969, the Office of Emergency Preparedness estab- 
lished stockpile objectives of 100,000 short tons of 
rutile and 33,500 tons of titanium sponge metal. At 
the end of May 1972, stockpile deficits for rutile 
were 43,475 tons and for titanium sponge metal, 
6,999 tons (Kirkemo, Harold, oral commun., 1972). 
Financial assistance for exploration for rutile, 
available from the U.S. Geological Survey, Office of 
Mineral Exploration, was set at 75-percent Govern- 
ment participation in 1967 (Stamper, 1970). 


656 


U.S. consumption of titanium raw materials 
greatly exceeds domestic production. The deficit is 
made up by imports, largely from Australia. U.S. 
imports of titanium concentrates in recent years are 
listed in table 188. 


TABLE 138.—U.S. Imports, in short tons, of the titanium 
concentrates, ilmenite and rutile, 1967-71 


[NA, not available; e, estimate. Data from U.S. Bur. Mines “Minerals 
Yearbooks, 1967—70"" and “‘Commodity Data Summaries, 1972’’] 


1968 1970 1971 


Source 1967 1969 


Ilmenite 
Australia gee see en 60,689 45,196 28,524 96,123 NA 
Canada (Ti slag) --_ 147,216 132,958 82,329 134,996 NA 
Other countries ~____ 1 ae Seas eee NA 
Notaly 2s eee 207,906 178,154 110,853 231,119 150,000e 
Rutile 
Australias =2=s=-2=—— 153,768 171,847 176,550 228,407 200,000+e 
Sierra Leone _-_____ 13,129 1,348 26,442 19,682 NA 
GCanaday == oS — Usk 262 180 NA 
Other countries ~____ 203 sie 1,673 es NA 
Mota = - ease 167,100 174,866 204,927 243,269 200,000+e 


The United States has large reserves of ilmenite 
and modest potential resources of rutile. However, 
competition from foreign sources, the relatively low 
grade of some domestic deposits, the relatively high 
cost of production from such deposits, and other 
factors have prevented the development of produc- 
tion capability to satisfy domestic needs. Specifically, 
the availability of rutile from foreign sources has, 
to some extent, delayed the development of addi- 
tional facilities for production of synthetic rutile 
from ilmenite-derived titanium dioxides utilizing 
domestic ores. 


EXPLOITATION 


Within the last two decades, 1951-70, there has 
been more than a four-fold increase in world pro- 
duction of primary titanium—from less than 
400,000 short tons in 1950 to 1.78 million tons in 
1970 (U.S. Bur. Mines, 1972). During this period, 
demand for primary titanium in the United States 
more than doubled, reaching about 490,000 short 
tons in 1970. Titanium scrap consumption in 1969 
was 22,800 tons (Gray and Mcllroy, 1971). Demand 
for titanium in the United States is expected to be 
between 1.1 million short tons and 2.6 million short 
tons by the year 2000. 

The greater demand for titanium has increased 
demand for rutile, which is the preferred raw ma- 
terial for production of titanium metal or pigments. 
Because rutile supplies in deposits of economic 
grade are limited and production has risen, greater 
reserves are needed to meet future demand. Inter- 
est has increased in developing improved processes 
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for upgrading ilmenite and for processing it to pro- 
duce titanium products. 

The mining of rutile and ilmenite from placer 
sand deposits involves the excavation and handling 
of unconsolidated material, and relatively low grade 
placers can be worked profitably. Monazite-zircon- 
ilmenite deposits containing as little as 3-4 percent 
heavy minerals have been worked; these contained 
0.5-1.5 percent TiO,. Other deposits having various 
mixtures of the minerals monazite, zircon, ilmenite, 
leucoxene, rutile, garnet, and staurolite are worked 
in Florida and New Jersey. The heavy minerals are 
concentrated and then separated by use of Hum- 
phrey spirals and electromagnetic and electrostatic 
separators (Quirk and Hilertsen, 1963). 

Mining of primary ilmenite deposits such as those 
at Tahawus, N. Y., involves drilling, blasting, and 
crushing of hard-rock ore, followed by fine grinding, 
magnetic separation, and hydraulic classification. 
The cost of these operations is high, but the crude 
ore contains about 16 percent TiO., which is up- 
graded to concentrates containing 45 percent TiO,. 
In addition to the titanium concentrate, magnetite 
ore containing 56 percent iron is recovered. The 
ilmenite ores also contain 0.24 percent vanadium 
pentoxide (V.0O;), which is a potentially recover- 
able valuable constituent. (See chapter on “Vana- 
dium.”’) 

PRICES, VALUE OF IMPORTS 

The prices of some titanium raw materials and 
of some titanium products are indicated in the fol- 
lowing list taken from data compiled from pub- 
lished sources for 1970 (Noe, 1972). 


Specification of material 
Ilmenite, domestic (60 percent TiO:), 
per short ton 
Ilmenite, imported (54 percent TiOz), 
per long? toni 22s eS ee ee 
Rutile, imported (96 percent TiO:), 
per long ton 
Titanium slag, imported (about 70 percent 


Price 


$30.00— $35.00 


20.00— 21.00 


160.00— 185.00 


fit @>) Paper elon cart ore ae e 45.00 
Rutile grade titanium dioxide, per pound__ .26— 27 
Titanium sponge, domestic, per pound ____ 1.382 
Titanium sponge, imported (from Japan 

and Britain), per pound __-___________ 1.20— 1.25 


The value of imported rutile in 1970 was $19.8 
million, and the combined value of imported ilmen- 
ite and titanium slag was $6.4 million. Unwrought 
titanium metal waste and scrap valued at $10.5 
million were also imported in 1970. 


BYPRODUCTS AND COPRODUCTS 
Titanium deposits in various parts of the world 
commonly are worked for more than one product. 
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In some places, titanium minerals are merely by- 
products, and the exploitation of the deposits is de- 
pendent upon market conditions for the other 
minerals. 

The major byproducts and coproducts recovered 
from titaniferous ores are iron-ore concentrates, 
monazite, and zircon. Vanadium is obtained from 
some titaniferous ores and is potentially recoverable 
from many primary ilmenite deposits (Jones, 1965). 
Potential coproducts from secondary deposits result- 
ing from lateritic weathering of the primary min- 
erals are iron ores, aluminum ores, and nickel, 
cobalt, and chromium concentrates. 

In deposits of rutile such as those near Evergreen, 
Colo., topaz is a possible coproduct. 

Rutile has been recovered from deposits worked 
for gold, diamonds, platinum, and tin. Other heavy 
minerals which contain columbium, tantalum, ura- 
nium, and rare earths are potential byproducts of 
titanium. 

It is likely that future titanium mining and proc- 
essing will involve increased recovery of coproduct 
and byproduct materials. 


ENVIRONMENTAL PROBLEMS 


Environmental problems related to titanium pro- 
duction are physical hazards, land despoilment, and 
pollution, which are the same as those related to 
other types of metal mining, processing, and fabri- 
cation. Mining of primary deposits produces open- 
cut pits and underground workings in which falling 
rock, landslides, or land subsidence present direct 
physical dangers. These dangers, however, can be 
minimized by taking ordinary but at times costly 
precautions. Land despoilment in the mining of 
secondary deposits in particular can be a major 
problem. Large areas along beaches and in terrace 
deposits away from shorelines may be excavated. 
These can be reclaimed by releveling in many 
places, if the deposits are sufficiently valuable that 
the costs of reclaiming the land can be covered by 
the profits derived from mining. Some lands, how- 
ever, have high surface values, particularly in in- 
habited and recreational areas, and deposits in such 
places may not be minable. Pollution by particulate 
matter, such as sand and silt in streams and along 
some shores, may be difficult or impossible to control 
if some deposits are mined. Another major problem 
is the disposal of large quantities of sulfates and 
other chemicals that accumulate in waste products 
that result from the chemical processing of titanium 
ores. 

In present and future mining and processing of 
titanium ores, the environmental problems require 
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a great deal of consideration if the operations are 
to be conducted profitably. In many places, deposits 
may not be mined or mining may be curtailed be- 
cause of conflicting environmental considerations. 


GEOLOGIC ENVIRONMENT 


GEOCHEMISTRY 


Titanium is the ninth most abundant element, fol- 
lowing oxygen, silicon, aluminum, iron, calcium, 
magnesium, sodium, and potassium, which make up 
more than 98 percent of the earth’s crust. The re- 
maining 84 elements are commonly considered to be 
trace elements. 

Titanium is a lithophile element and has a strong 
affinity for oxygen. It is in group IVA of the peri- 
odic table, along with zirconium and hafnium. 
Titanium, zirconium, and hafnium have approxi- 
mately the same abundance ratio (Ti:Zr:Hf= 
1,000:50:1) in igneous rocks, in silicate meteorites, 
and in the solar atmosphere (Rankama and Sa- 
hama, 1950). 

Because titanium is strongly lithophilic, it con- 
centrates in stony matter of the “slag crust” of the 
earth as well as in the stony matter of meteorites 
(Goldschmidt, 1954, p. 409). Oceanic crust and con- 
tinental crust contain about 8,100 ppm (parts per 
million) and 5,300 ppm titanium, respectively (Lee 
and Yao, 1970). It forms oxides and oxy-salts and 
has no tendency to concentrate in metallic iron or 
to form sulfides. Titanium tends to be incorporated 
in ilmenite (FeTiO;) and sphene (CaTiSiO;). The 
greatest abundance of titanium is in subsilicic rocks, 
including mafic and alkalic rocks, or is associated 
with anorthosites. The abundance of titanium in 
different rock types in percent is (Vinogradov, 
1962): stony meteorites, 0.05; ultramafic rocks, 
0.03 ; mafic rocks, 0.9; intermediate rocks, 0.8; felsic 
rocks, 0.28; and sediments, 0.45. 

The behavior of titanium in magmatic erystalliza- 
tion is complicated and depends on such factors as 
the initial titanium content of the magma, the 
chemical activities of iron, silicon, and aluminum, 
the partial pressure of oxygen, and the temperature 
of crystallization. Thus, in some magmas titanium 
will enter silicate minerals at high temperatures 
rather than form oxides (Verhoogen, 1962). 

Titanium commonly occurs in clinopyroxenes, 
olivine, biotite, amphibole, and sphene. In crystal- 
lizing magmas, Ti-Fe oxides will form in two ways: 
(1) by direct precipitation of ilmenite or ilmenite- 
hematite solid solution or ulvospinel-magnetite 
solid solution; the earliest formed oxides will have 
the highest Ti/Fe ratios; (2) by breakdown of 
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iron-bearing pyroxenes at low oxygen pressures to 
form ilmenite and iron-free pyroxene. 

Because of its strong affinity for oxygen, most of 
the titanium in the lithosphere is in oxide minerals. 
The three common titanium minerals are ilmenite, 
rutile, and sphene; of these, ilmenite is by far the 
most common, accounting for more than 90 percent 
of the titaniferous constituents of igneous rocks. In 
some igneous rocks where rapid crystallization has 
occurred, the titanium has combined with magne- 
tite to form titanium-magnetite; titanium is also 
present in minor amounts in many other minerals. 


TITANIUM-RICH MINERALS 

Rutile is one of three titanium dioxide minerals 
but has somewhat different physical characteristics 
from anatase (octahedrite) and brookite, the other 
two dioxides. Some physical characteristics of these 
and other titanium-rich minerals are listed in table 
139. The percentage of titanium dioxide in these 
minerals is a measure of the percentage of titanium 
dioxide that can be obtained in concentrates of each 
of these minerals. Their high specific gravities indi- 
cate that they can be separated from more common 
light minerals by gravity methods. The indices of 
refraction of the three varieties of titanium dioxide 
minerals are a measure of the opacity of these 
crystalline forms. This is of importance in their use 
as pigments, as “covering power” of the pigment is 
related to the opacity of its constituents. White pig- 
ments of high opacity and high degree of chemical 
inertness can be made from rutile and anatase. 

The principal titanium minerals form primarily 
as products of the crystallization of igneous magmas 
and as recrystallization products in metamorphic 
rocks. Rutile deposits occur as local concentrations 
in igneous and metamorphic rocks, in veins associ- 
ated with igneous and metamorphic rocks, and as 
concentrations in sedimentary rocks and unconsoli- 
dated sediments derived from the weathering of 
rutile-bearing rocks. 


PRIMARY RUTILE DEPOSITS 
Rutile occurs primarily in alkalic igneous rocks, 


in alkalic noritic-anorthositic complexes, and in gra- 
nitic and syenitic veins and pegmatites. It is also 
formed in aluminum-rich high-grade metamorphic 
rocks and in high- and low-grade metamorphosed 
mafic and ultramafic rocks. All economic primary 
rutile deposits are in the noritic-anorthositic com- 
plexes. Few primary rutile deposits are of economic 
value, however, and most primary rutile is recov- 
ered as a product of ilmenite mining. 

At Kragero, Norway, rutile occurs in an aplite 
dike associated with gabbro that contains an aver- 
age of 5-10 percent rutile. In the United States, in 
Amherst and Nelson Counties, Va. (Hillhouse, 1960; 
Ross, 1941), rutile occurs as an abundant mineral 
in dikelike or lenticular bodies of nelsonite, an 
ilmenite-apatite-rutile-rich rock, associated with 
a larger body of anorthosite. Some of the nelsonite 
contains as much as 60 percent rutile. Rutile also 
occurs in the anorthosite as disseminated grains 
averaging 4—5 percent of the rock and in quartz- 
rutile stringers containing as much as 30 percent 
rutile. Rutile has been mined from nelsonite dikes 
adjacent to, and disseminations in, anorthosite at 
Roseland, Va. (Peterson, 1966). It has also been 
produced from an alkalic igneous complex at Mag- 
net Cove, Ark.( Fryklund and Holbrook, 1950). In 
the Magnet Cove area, rutile and brookite occur in 
association with novaculite and aegirine phonolite 
porphyry. The rutile in that area is in carbonate- 
feldspar veins that cut the porphyry, and the brook- 
ite occurs as crystals in quartzite masses embedded 
in the novaculite. Chloritic ultramafic rock in Har- 
ford County, Md., contains about 5 percent rutile in 
association with abundant magnetite, apatite, and 
ilmenite, on the flank of a serpentinized ultramafic 
body (Herz and Valentine, 1970). 

In Mexico, rutile is associated with anorthosite at 
Pluma Hidalgo, Oaxaca (Roy, 1970a); and in 
Canada, rutile occurs in ilmenite-rich anorthosite 
in the St. Urbain area, Quebec (Rose, 1969). 

Potentially economic deposits of rutile occur near 
Evergreen in the Front Range of Colorado as fine 
disseminations in fluorine-metasomatized  light- 


TABLE 139—Principal titanium-rich minerals 


[Leucoxene, an alteration product of other titanium minerals, contains more than 60 percent TiO». Data from Deer and others (1962); Lawthers 
(1957) ] 


TiOz percentage 


Range of 


Mineral Formula Theoretical Specific indices of Crystal 
maximum Minimum gravity refraction system 
Anatasci2=-22 === eo ei TiO. 100 98.2 3.90 2.488—2.561 Tetragonal. 
Brockitey==s8> ~~ vo es iO. 100 98.8 4,14 2.583-2.700 Orthorhombic. 
RUG emer eee ee ene ees iO. 100 45.7 4.21 2.612—2.899 Tetragonal. 
Ilmenite i 52.7 46.2 QLD) Te 0 I a cera ele Hexagonal. 
Perovskite 58.9 38.7 4.01 2.30-2.37 (Pseudoisometric, 
monoclinic?) 
Spheney eae 40.8 33.7 3.4-3.56 1.900—2.034 Monoclinic. 
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colored high-grade gneiss (Sheridan and others, 
1968). These deposits are thought to have been 
originally laterites or bauxites that contained re- 
sistant titanium minerals. The rutile forms about 
2-4 percent of the gneiss. 


SECONDARY RUTILE DEPOSITS 


Secondary deposits of rutile derived from the 
weathering of primary occurrences of rutile are the 
most important types of rutile deposits currently 
mined. These consist mainly of marine placer sands, 
stream sands and gravels, and lag saprolite deposits. 
Rutile, having a specific gravity greater than 4.0, is 
concentrated in placers with other heavy minerals 
by wave and stream action, in loose sands along 
coastal areas and along streams. In addition to 
deposits along modern shores, important quantities 
of rutile are contained in buried placers in terraces 
inland from present shorelines. Such deposits com- 
monly have other valuable heavy minerals such as 
ilmenite and zircon, and some heavy-mineral depos- 
its, in which monazite is the most abundant and 
the most important heavy mineral, also contain 
significant amounts of rutile. Similar deposits prob- 
ably occur in offshore areas near coasts where shore- 
line rutile deposits indicate availability of suitable 
types of sediments. Formerly commercial deposits 
in lag saprolite deposits derived from weathering 
of titanium-bearing rock are present in Amherst 
and Nelson Counties, Va. (Fish, 1962; Herz and 
others, 1970), as well as in Hanover County. The 
Magnet Cove, Ark., rutile deposits also include some 
occurrences of the saprolitic type. 


PRIMARY ILMENITE DEPOSITS 


Some of the more important and currently eco- 
nomic primary ilmenite deposits are in the U.S.S.R., 
the United States, Canada, and Norway (Lawthers, 
1957; Peterson, 1966; Rose, 1969; Roy, 1970a). In 
the IImen Mountains (part of the Ural Mountains) 
of the U.S.S.R. (Lawthers, 1957), large economic 
deposits of ilmenite and titaniferous magnetite also 
contain important amounts of vanadium. The 
titanium-iron ores there measure in the hundreds 
of millions of tons. Other ilmenite deposits in the 
U.S.S.R. are known in the Kola Peninsula and in 
the Ukraine. In the United States, ilmenite-magne- 
tite deposits in gabbro and anorthosite at Tahawus, 
Hssex County, N. Y. (Peterson, 1966) are a major 
source of titanium. Economic deposits of ilmenite, 
hematite, and magnetite occur as segregated masses 
in gabbro and anorthosite in the Tellnes deposit, 
Norway, and high-grade ilmenite ores in amphi- 
bolite at the Otanmaki deposit in Finland (Paak- 
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konen, 1956) are mined. Important commercial de- 
posits of ilmenite, magnetite, and rutile in gabbro- 
anorthosite are worked in the St. Urbain area, Que- 
bec, Canada. Large deposits of ilmenite and titani- 
ferous magnetite in the Bushveld Complex of South 
Africa are important for their vanadium content. 


SECONDARY ILMENITE DEPOSITS 


Most titanium minerals are relatively resistant 
to weathering and are commonly found in resistate 
sediments. Ilmenite forms most of the economic 
secondary deposits of titanium; these deposits are 
placer sands that occur throughout the world. In 
general, they are in areas peripheral to regions 
having host rocks containing primary titanium min- 
eral deposits. During the weathering of ilmenite, 
iron is released and titanium forms a simple diox- 
ide, leucoxene, which is commonly present in placers. 
The placer deposits of ilmenite, rutile, and leucox- 
ene commonly contain other heavy minerals, such 
as zircon and monazite, in significant amounts. 

Placer deposits of ilmenite and other titanium 
minerals occur along present-day beaches where 
wave action sorts and concentrates the heavy min- 
erals, and in deltas and along streams where heavy 
minerals settle from the slower moving water. Fos- 
sil placers of ilmenite in sedimentary rocks are also 
known where similar mechanisms in the past have 
concentrated the heavy minerals. Some placer de- 
posits have been derived from older detrital depos- 
its. The coastal areas of all the inhabited continents 
have significant ilmenite placer deposits. Important 
deposits in the United States are in northern Florida 
and near Lakehurst, N. J. 

Fossil placer deposits in the United States near 
Highland and Starke, Fla., are at present being 
mined for ilmenite, rutile, and zircon, which were 
originally derived from the crystalline rocks of the 
Piedmont area (Pirkle and Yoho, 1970). At Lake- 
hurst, N. J., a fossil placer of ilmenite is being 
mined from heavy-mineral lenses in sediments of 
Cretaceous and Tertiary ages. Reworking has con- 
centrated the heavy minerals into an economic de- 
posit (Markewicz, 1969). 

Australia is the leading producer of titanium min- 
erals with a production of 0.98 million tons of il- 
menite in 1970 (Lynd, 1972) from the coastal sands 
of Western Australia. Rutile, zircon, monazite, and 
ilmenite are also recovered from deposits on the 
coast of Queensland and New South Wales. In 1970, 
Australia produced 405,735 short tons of rutile, 
about 89 percent of world production (Lynd, 1972). 
New Zealand also has large resources of coastal 
black-sand deposits of ilmenite, which are currently 


660 


being investigated (Lynd, 1972). In Brazil, a deposit 
of beach sand was mined for ilmenite in southern 
Bahia (Roy, 1970b). 

Other secondary titanium occurrences are con- 
centrations of titanium dioxide in residual deposits 
formed by lateritic weathering of titaniferous rocks, 
many in areas having tropical climates. Titanium 
in the common rock-forming silicate minerals is 
hydrolyzed upon weathering and carried into the 
hydrolyzates (bauxites and other laterites) where 
it forms oxide minerals (Rankama and Sahama, 
1950). Goldschmidt (1954) stated that the com- 
pounds in which this titanium occurs are not known 
but that the titanium may be present as amorphous 
or finely crystalline titanium dioxide. These later- 
itic deposits are not of commercial value at present 
but are widespread in Hawaii and elsewhere. A 
major nontropical occurrence is found in the later- 
itic ferruginous bauxites from the Columbia River 
Basalt in Oregon, which contain 3.5 million short 
tons of TiO. (Herz, 1969). 


RESOURCES 
IDENTIFIED TITANIUM RESOURCES 


The identified titanium resources in the United 
States, in terms of contained TiO., are about 298 
million short tons. The distribution of these re- 
sources by States is shown in table 140. 


TABLE 140.—Identified titanium resources, in thousands of 
short tons, in the United States 


[NA, not available. Data from Herz (1969); Hillhouse (1960); Peterson 
(1966); Stamper (1970) ] 


State TiO2 

Alla ania gy sien hee Cin? ieee Seay avin ES i 143 
ANTES Ket ere ee a ce etree ee ee ee 127,000 
Arkansas asters _ ia Or 2 Me oF 70 
Californ ages yee ee 840 
Colotad oye sess eee en ee me ee 673 
Blorida Weekes SIR i Sis Ibe s Fee 20,615 
Georpiay Sas wae Re AR Ny RS 2 NA 
Wall 1 geet tse ae See pn a spre: ae es 51,434 
Tdalio? 225 eRe UEE 20k Pe Sees 315 
Minnesota tect = 2) Ss. comet Vie 5 ae ht eal 14,414 
Montana tess Sat eee es Day ee 270 
New? Jersey) ones ie Ue Le ae 12,500 
INEWSMCxi coi. 25: 4at el asennad, 609 
INC Wit VOT KON mee es oer See ee nee mee 23,960 
NortheC@ arolinal sea = ose eee ein ane eR al 
Oklahoma pee =? Se wees eT oat TE 4,941 
Ore gOrigs ss Lt eae eaten Sad eee 3,500 
un odess arid ert sere ee nee 686 
South} Carolina Wes saree (EST ee 2,716 
Wita ngs ae a ee ae i 188 
WA SIN ape cee a oe ee on 12,000 
Washington sees . 4? era aay ee 890 
Way omnes 2 ee ot 1 eee BO Ea rl, 20,000 
otal! Resi. 50S x otses ee tee. ee 297,835 


The data given in this tabulation are only an 
approximation, because the source material upon 


UNITED STATES MINERAL RESOURCES 


which the estimates are based is incomplete and 
some of the data have not been corrected for 
amounts depleted by mining. 

In the States of Florida, Georgia, New Jersey, 
New York, Virginia, North Carolina, and South 
Carolina, where secondary or primary deposits have 
been mined for titanium minerals, identified re- 
sources are estimated to be about 72 million tons 
of contained TiO.. Titanium reserves in the United 
States were estimated by the U.S. Bureau of Mines 
in 1970 (Stamper, 1970) to be about 25.5 million 
short tons of TiO., most of which is in ilmenite. 
Reserves of rutile included in this figure were re- 
ported to be 500,000 tons, but inasmuch as rutile 
production in the United States has virtually ceased, 
this rutile may be more realistically considered to 
be only a conditional resource. 

The identified titanium resources of the world, 
in terms of TiO, are about 2,000 million short tons. 
Distribution of these resources is listed in table 141. 


TABLE 141.—Identified titanium resources, in thousands of 
short tons, of the world 


[Identified resources: Specific, identified mineral deposits that may or 
may not be evaluated as to extent and grade, and whose contained min- 
erals may or may not be profitably recoverable with existing technology 
and economic conditions. Data from Herz (1969); MHillhouse (1960); 
Lawthers (1954, 1957); Peterson (1966); Stamper (1970); United Nations 
(1970); U.S. Bur. Mines ‘‘Mineral Trade Notes, 1950—70,’’ ‘Minerals 
Yearbooks, 1950-70,”" and ‘‘Commodity Data Summaries, 1972;’ Williams 
(1965) J 


Continent and country TiOz 
North America: 
‘UWnitedStates’ -- 222 = Uice bl ee eee 297,835 
Ganadan st ascent tote ce ee ee 397,374 
Mexico: oo esa eee ee eee 4,812 
Costar "Rica “eA 2 a Se eee 1,390 
Total 2 2.222 wee ee ee eee 701,411 
South America: 
Arrentina, (2220 Sean ss Sone ae 3,114 
Brazil Si 4ee se ells Sen eee eet eae 4,525 
Guyana, 4222+ 5 25 ass ee 18,548 
Wrugsuay) soe cee nen ee ee 912 
Total), sao. =o ee 27,099 
Australia and New Zealand: 
Australia’ 2222s e— no eee noe eee eee ee 15,068 
New Zealand). ) =222 — {eeeae eet sie 42,130 
Total sss e ee ae 57,198 
Europe: 
Finland.) = th. S.C eba ee eee 6,750 
Hrance wisest dice cen ht os. Jatt ae Se 3,208 
Norwayiulas22-- 2. eee - Deas a5t ne ee 43,836 
Sweden’ Glttit +. bia. A ae 24,728 
WOES: SsRigea2h conte Te he eek ea eee 73,404 
Potal 2. 22US eee ae Oe eee ee 151,926 
Africa: TOD Fae 
“Ancola Wi 4s eet Lew ngs ac - eh eae 331 
Dahomey. = 20 ee 0. 2 os a Ae 15 
Madagascar (Malagasy Republic) ~-______ 1,045 
Mauretania) 2-2 03_ 224 e2 pend tenes 144 
Mozambique - se se she Le ee 5,884 
Senieral. Sao eee erate eee ree 3,440 


Sierra) Leonet2.22-2 0a ah. Lie ace ee 2,490 
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TABLE 141.—Identified titanium resources, in thousands of 
short tons, of the world—Continued 


Continent and country TiOe 
Africa—Continued: 
South African Republic ~---..--------_-- 761,384 
Southwiwest) Atricas === =— === nee 5 
Spanishy Sahara ieee sas. se ee ee 8,819 
SRANIZAN lags 2 ae a ee ee A 6,449 
OO erties ee ee eee eee ee er 5,156 
WinitedArab) Republic! 22226 — == 16,660 
Wipper: Voltapsi 3s ee a Fe ees lets 6,614 
PURO ell yg et se a oe Mee eee OL 818,436 
Asia 
Buna: = aS Seek 2 lamers! a2 oe eereee USS eae 678 
Ceylon te eee ne. Rigo khe ees DOS e 2,849 
China, People’s Republic ~-_--_--_----___ 744 
Maiwan) e222 eee 2 ee ee te 27 
Winding eae ar ee en Sas 196,726 
Md GHes awe eee eee ee 1,819 
aan) Ee See Oe ee DeLee fo 9,052 
IKiGrea age ee eee ae ees oer 826 
Malaysia ee ens ee Se 82 
ING hwiVietn amie Ses ee ee 4 
EZAKI S bean ya ener ee 849 
pbilippinespsesses 2 22 ee 807 
Seo” ANGE ay ee 69 
WatieyiGl Soo 32 8 
ROCA] pwn eee eeeew nee ae ONE Pi 81 ee 214,540 
Worlds totalll enn seesS eer Lor Se 1,970,610 


The amounts listed are considered to be very con- 
servative, because quantitative estimates of the 
potential titanium resources in many of the large 
complexes of mafic rock in various parts of the 
world are not included. 

Because rutile is the preferred raw material for 
the chemical extraction of titanium in commercial 
practice, the resources of rutile are worthy of con- 
sideration separately, even though they are included 
in the titanium resources listed in table 141. Iden- 
tified resources of rutile in some principal primary 
and secondary deposits are listed in table 142. 

Although the identified titanium resources of the 
world are large, less than 10 percent of these re- 
sources can be considered as titanium reserves. 
Recent estimates made by the U.S. Bureau of Mines 
(Stamper, 1970) of world reserves of titanium show 
nearly 147 million short tons of contained titanium, 
which is equivalent to about 247 million tons of 
TiO,. The distribution of these reserves is shown 
in table 143. As for total identified resources, the 
reserve data are considered to be very incomplete. 


HYPOTHETICAL RESOURCES 


Hypothetical resources of titanium are large, but 
difficult to quantify. Because the estimates of identi- 
fied resources for the world include more than 90 
percent potential ores in known districts and less 
than 10 percent reserves, those estimates, to some 
degree, may include some hypothetical ores. Some 
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TABLE 142.—Identified world resources, in thousands of 
short tons, of rutile 


[Identified resources: Specific, identified mineral deposits that may or 
may not be evaluated as to extent and grade, and whose contained min- 
erals may or may not be profitably recoverable with existing technology 
and economic conditions. Data from Barksdale (1966); Hillhouse (1960); 
Lawthers (1954, 1957); Lynd (1972); Peterson (1966); Rose (1969); 
Stamper (1970); U.S. Bur. Mines “Mineral Trade Notes, 1950-70” and 
“Minerals Yearbooks, 1950-70’ ] 


Country Rutile 
Canada: 

StaaUnbaing == <= == sea ea 300 
United States: 

Amherst and Nelson Counties, Va.__-- 450— 1,150 

Maonety CoverwAnk.y === === aaa ee 500 

South Carolina monazite belt _____-___ 1,100 

Florida and Georgia deposits ~-------_- 650 
Mexico: 

Pluma Hidalgo, Oaxaca -_--_--_------- 5,000—25,000 
Brazil: 

Paranaiba delta, State of Maranhao __ 500 

Stavevole sero pe ws ane a aa 300 
Uruguay: 

‘Acuas) /Duleesi = 2s aos = =a See 27.2 
Argentina: 

Buenos Aires Province --~------------ iL.) 
Sierra Leone: 

Bonthem(snerbro) areas == === 1,500—30,000 
Cameroons: 

Niaoundem iver ee C) 
Senegal: 

CoastenorthnoteDakar 22a) eee ee 100 
South Africa: 

Orancey reas Staten === == eee 500 

Natale ase see eee a eee 170 
South West Africa: 

Arca momia OF ayo 252 SS 5 
U.S.S.R.: 

UW ikar san rie ae et ok ot em hg bok es ee 7 300 
India: 

Kerala Statev aa eee se Se eee 100 
Ceylon: 

Pulmoddai and Kokkilai area ___----__- 300 
Australia: 

Eneabba, west coast of 

Wesueea Amgermib, ~ 2. -2ssaaa5 *1,000 
(Coastiote@ veers ard ee 6.900 
Coast of New South Wales ________--__-__-__ i 


1 Past production data available, but no reserve data. 
2 Data incomplete. 
3 Undeveloped. 


TABLE 143.—World reserves, in thousands of short tons, of 


titanium 
[Reserves: Identified deposits from which minerals can be extracted profit- 


ably with existing technology and under present economic conditions. 
Data from Stamper (1970) ] 


Titanium Titanium 
Country Ilmenite equivalent Rutile equivalent 
(WUmnitedW States j= 100,000 25,000 500 250 
Australi age ee 20,000 5,000 4,000 2,000 
@anaday (Sto ae eee eee 100,000 25,000 300 250 
Ceylongiwee= sees eres 5,000 1,250 500 150 
Iida 2 2eest sees 2h ee 60,000 15,000 100 50 
INO Wa Vigoss oo —- = et 120,000 30,000 
Stenranleonee see ee mein eee ep ee ee 3,000 1,500 
WESiS: Rae =a ee ie 100,000 25,000 300 150 
United Arab Republic-_- 40;000-10;000  =--= —~ = 
Others? Sele ae Se 25,000 63250N et. Oe 
otal Sno a saa a— 570,000 142,500 8,700 4,350 
1Comprise Finland; mainland China, Malaysia, Japan, Spain, and 
Brazil. 


coastal areas, into which extensions of deposits of 
titaniferous sands can be projected, are excluded 
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from consideration because of the probable environ- 
mental damage to scenic and recreational areas that 
would result from mining. In sparsely inhabited 
areas, especially in developing nations, such con- 
siderations may not be deterrents to mining. Politi- 
cal considerations in the developing nations may 
temporarily have a great influence on mining 
activity. 

Placer deposits in some coastal areas are par- 
tially renewable over periods of years or decades 
because of continuous reworking of the sands by 
waves and currents. The grade of the deposits de- 
creases as the sands are mined repeatedly. 

Deposits such as the titaniferous magnetite 
bodies and the titaniferous gabbros in the State of 
New York are irregular in form, and their projec- 
tion to greater depths or in lateral directions can 
be done with reasonable certainty only for indi- 
vidual deposits. They can, however, be considered 
collectively as being representative of the concen- 
trations of titanium in their host rocks to a speci- 
fied depth. Inasmuch as the concentrations of tita- 
nlum in deposits of this type are not related to 
enrichment relative to the present surface, the quan- 
tity of titanium in such concentrations for each 
additional increment of depth should tend to aver- 
age near the amount that exists in the shallow zone. 
For example, if nearly 24 million short tons of TiO. 
has been identified in the uppermost 500 feet of the 
districts that have been explored in New York, it 
is likely that an equivalent amount will exist be- 
tween depths of 500 and 1,000 feet in these districts. 

Hypothetical resources of titanium in the United 
States are estimated to be about 155 million short 
tons TiO.. This quantity represents only a 53-percent 
addition to the identified titanium resources, and 
most of this increase is for primary-type ilmenite 
deposits. Among these, magnetite-ilmenite deposits 
of northern New York and eastern Minnesota are 
high-grade deposits, favorably located with respect 
to markets. Very large low-grade magnetite-ilmenite 
deposits in Alaska are distant from markets but are 
along the coast and are accessible. Primary ilmenite- 
rutile deposits in Virginia and their associated 
placer deposits are also favorably located geograph- 
ically, but competitive land-use considerations could 
render the placers unavailable. Primary magnetite- 
ilmenite deposits in Wyoming may contain large 
hypothetical resources. Placer deposits in Florida, 
Georgia, South Carolina, North Carolina, and New 
Jersey contain large tonnages of hypothetical re- 
sources of titanium. Some of these are also im- 
portant for monazite, zircon, and other heavy 
minerals. 
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Any attempt to assign quantitative estimates to 
hypothetical resources of titanium must be made 
with the recognition that the resource data are in- 
complete. Hypothetical resources based on modest 
projections of identified resources and on interpre- 
tations of the extent of exploration effort and pro- 
duction records for certain regions are shown in 
table 144. 


TABLE 144.—Hypothetical world resources, in millions of 
short tons, of titanium 


[Hypothetical resources: Undiscovered mineral deposits, whether of re- 
coverable or subeconomic grade, that are geologically predictable as exist- 
ing in known districts ] 


Continent TiOz 
North Americayie =. =a tees ee ee ee 400 
SouthiAmieri cays ee ses a a ee 200 
Australia and New Zealand ______________ 100 
Hurope 2.252 Set eee ee Re oe eee 200 
Africa: (2 a08hen Sn ee ee eee 500 
aN» ee St i a ae Ee 200 

Totaly +2 33. feb ena eee Te Rees 1,600 


SPECULATIVE RESOURCES 


Speculative resources of titanium are very great. 
Ilmenite is a common mineral in mafic and ultra- 
mafic rocks such as those of the Bushveld Complex 
of South Africa, in anorthosites of the Canadian 
Shield, and in similar rocks of Precambrian shield 
areas of each continent. Many tens of billions of 
tons of such rocks containing a few percent of 
ilmenite are within a depth of less than 1 mile be- 
neath the surface of the earth, and exploration of 
these great rock units should disclose large bodies 
having higher than average amounts of ilmenite. 

Bauxite and other lateritic deposits containing 
aluminum, iron, chromium, cobalt, nickel, and a few 
percent TiO, are also potential sources of titanium. 
Lithified placer deposits in sedimentary rocks, such 


‘as the extensive black sand deposits in the Upper 


Cretaceous formations of Wyoming and also pres- 
ent in Arizona, New Mexico, Utah, Colorado, Idaho, 
and Montana (Dow and Batty, 1961; Houston and 
Murphy, 1962), indicate the possibility of signifi- 
cant resources of titanium minerals in sandstone 
deposits. Metamorphic equivalents of similar 
titanium-rich sedimentary rocks and of some mafic 
plutonic rocks offer additional possibilities for tita- 
nium ores. Offshore placer deposits paralleling 
known coastal placer deposits and placer deposits 
along coasts where the shallow marine sediments 
were derived from titaniferous rocks should con- 
tain concentrations of titanium minerals equivalent 
to those in shoreline placers or in terrace deposits 
in raised beaches (McKelvey and Wang, 1969). In 
many parts of the world the areas favorable for 
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offshore titanium placer deposits are large in com- 
parison with the areas of shoreline placer deposits, 
and the potential resources therefore are large. If 
mining of sea-floor manganese nodules becomes a 
practical source of metals, as suggested by Mero 
(1965), another source of titanium as a byproduct 
would be developed. New techniques for economic 
development of this potential source of metals will 
determine the possibility of such mining becoming 
commercial in operation. 

Quantitative estimates of the world’s speculative 
resources of titanium, in terms of contained TiO,, 
are given below: (Speculative resources are undis- 
covered mineral deposits, whether of recoverable or 
subeconomic grade, that may exist in unknown dis- 
tricts or in unrecognized or unconventional form.) 


Type of deposit Size 
Primary: 

Ilmenite, magnetite, 
rutile, anatase, 
brookite, perovskite, 
and sphene in igneous 
and metamorphic 
LOCKS ee ee Large (tens of billions of tons). 

Secondary: 
Unconsolidated placers. 
Consolidated placers 
in fairly unmeta- 
morphosed sedi- 
mentary rocks 
Residual: 

Lateritic and saprolitic 
concentrations in 
surficial zones 

Sea-floor nodules: 

Tron- and manganese- 
rich nodules con- 
taining minor amounts 
Ofptibaniine =e Small. 


___-_-Intermediate (billions of tons). 


3 See Small (hundreds of millions 
of tons). 


EXPLORATION 


Exploration for titanium deposits has been di- 
rected largely toward the discovery of well-known 
types of primary deposits, such as the occurrences 
of ilmenite and titaniferous magnetite in associa- 
tion with mafic and ultramafic rocks, or toward the 
discovery of secondary deposits of titaniferous 
heavy minerals in placers. Background geologic 
information concerning the occurrence of favorable 
host rocks or known mineral occurrences is used to 
provide a basis for selecting target areas for ex- 
ploration. Because most primary ilmenite deposits 
contain large amounts of magnetite, these deposits 
have associated magnetic anomalies. Such anomalies 
are detected by aeromagnetic surveying, and after 
anomalous areas are located, they are studied in 
more detail by ground magnetic surveys, gravity 
surveys, and detailed geologic mapping. Titaniferous 
magnetite deposits commonly have somewhat more 
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complex magnetic anomalies than those associated 
with most nontitaniferous magnetitic iron deposits 
and thus require sophisticated geophysical interpre- 
tations. High-grade ilmenite deposits have higher 
densities than their host rocks and are therefore 
detectable by the gravity anomalies that reflect the 
differences in density between the ore deposits and 
their host rocks. Combined magnetic and gravity 
data interpreted in conjunction with other geologic 
data are used to pinpoint target areas for drilling 
and sampling. The sampling and the analyses of 
the samples provide the basis for evaluation of de- 
posits that are discovered. 

In exploration for placer deposits, coastal areas, 
known areas of fossil placers, and terrace deposits 
along streams are sampled, and heavy-mineral con- 
centrates from the samples are analyzed to deter- 
mine their mineral and chemical compositions. 
Wherever possible, interpretations are made of 
sedimentary features, such as ancient stream chan- 
nels, beaches, offshore bars, and sand dunes. Other 
sedimentary parameters used are grain size and 
composition; these make it possible to reconstruct 
the probable conditions of deposition and concen- 
tration of heavy minerals and to determine the 
probable extent of favorable concentrations of the 
minerals sought. 

Many placer concentrations of heavy minerals 
contain radioactive minerals. Such deposits can be 
detected by aerial or ground radiometric surveys, 
provided that the deposits are not covered by too 
great a thickness of overburden. Aerial albedo sur- 
veys will probably be used more in the United States 
as quantitative albedo measurements become feasi- 
ble. 

Once the favorable target areas are located, they 
must be tested by sampling in order to determine 
the economic potential of the deposits. The samples 
must be analyzed, and factors such as the quantity 
and quality of the recoverable ore and the ratio of 
overburden to ore must be determined. 


PROBLEMS FOR RESEARCH 


The cost of processing the abundant titanium min- 
eral, ilmenite, to obtain usable titanium dioxide or 
titanium metal is so much higher than that of proc- 
essing natural rutile that despite its relative scarcity 
and higher cost in world markets, rutile is preferred 
as a source of titanium. So long as rutile is obtain- 
able from foreign sources at lower cost than that 
produced in the United States, domestic rutile de- 
posits of lower grade and higher production cost 
are noncompetitive. Geologic exploration is needed 
to find large and higher grade domestic rutile de- 
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posits. Such exploration can be guided by known 
geologic data or by development of new geologic 
and mineralogic concepts that will make it possible 
to discover previously unrecognized types of depos- 
its. Extensive sampling and analyses of many rock 
types are needed to obtain additional background 
data on the occurrence and distribution of titanium, 
not only in ilmenite and rutile but also in sphene, 
perovskite, and other titanium minerals. 

Geologie search for titanium resources might be 
based upon a reexamination of analytical and geo- 
logic data that are already available for many large 
rock units and upon reinterpretation of possible geo- 
logic environments in which titanium may be con- 
centrated. For example, search could be made for 
sedimentary deposits containing titanium minerals 
that had been primary segregates in the eroded 
upper parts of the Stillwater Complex in Montana 
or of other major gabbroic and anorthositic rock 
units, such as the Duluth Gabbro in Minnesota. Such 
studies of sedimentary rocks in the U.S.S.R. have 
related heavy-mineral concentrations in rock forma- 
tions of various ages to the source rocks and to 
erosional and depositional histories of the sedi- 
ments (Gurvich and others, 1965). Greater use 
might be made of data available from drilling for 
oil and gas, not only for knowledge of depositional 
environments of titanium but also for information 
concerning the mineralogical composition of sedi- 
mentary rocks. 

The portion of the titanium industry that is 
equipped to use ilmenite or other minerals rather 
than rutile can be expected to increase in view of 
the abundance of ilmenite and the relative scarcity 
of rutile. This change is likely to be slow, but, as 
in the case of the iron-ore industry turning to 
taconite ores, in the long run the titanium mineral 
processing industry may find it profitable to place 
greater emphasis on the use of the abundant tita- 
nium raw material ilmenite. 

The current small market for titanium is a limit- 
ing factor in the development of large low-grade 
deposits of ilmenite and of improved methods for 
extracting the titanium from such ores. This is also 
true for possible multiproduct ores such as laterites. 
The separation of the major mineral industries into 
those producing iron, aluminum, titanium, and other 
metals has not favored the development of mineral 
beneficiation of complex multiproduct ores, but such 
development is needed. A specific example in which 
this development could affect the titanium industry 
is the future utilization of the titanium and many 
other components of sea-floor manganese nodules 
(McKelvey and Wang, 1969; Mero, 1965). The tech- 
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nology needed for recovery of sea-floor nodules in- 
volves a large increase in scale of dredging over 
that currently done for finer grained materials in 
shallow waters. Separation of the metallic compo- 
nents of the nodules into usable and marketable 
products is a chemical or metallurgical problem. 
Both chemical and metallurgical research are 
needed to improve methods of processing mineral 
raw materials in general, because such improve- 
ments result in great additions to the quantities of 
useful mineral resources. The excess of titaniferous 
magnetite concentrates obtained from primary il- 
menite ores might be converted to usable iron ore, 
and an increase in recovery of ilmenite might be 
achieved by improved mineral beneficiation methods. 
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ABSTRACT OF CONCLUSIONS 


Most of the major tungsten deposits of the world have a 
close spatial and genetic association with granitic intrusive 
rocks or their related porphyries. Although several very 
diverse modes of occurrence are recognized, more than 95 
percent of all tungsten production has come from three types 
of deposits: contact-metamorphic deposits (tactites), quartz 


veins, and stockworks. A close genetic association between 
igneous rock and ore is strongly suggested by the localiza- 
tion of many ore bodies of these kinds within or adjacent 
to the roof zones of major intrusive bodies, or close to 
cupolas, stocks, and bosses. 

U.S. tungsten reserves in known deposits or their geologi- 
cally reasonable extensions are estimated at 15 million short 
ton units (1 short ton unit=20 pounds WOs). This is about 
6.8 percent of known world reserves, of which approximately 
60 percent are in China. Subeconomic resources in identified 
or geologically plausible deposits in the United States are 
conservatively estimated to contain two to three times the 
reserves. Covered areas in the United States probably con- 
tain concealed deposits that are comparable in grade and 
total tonnage to those now known. 

The United States has the potential for adequate tungsten 
production into the foreseeable future, provided it is willing 
to pay the price of essential research, extensive exploration, 
and the processing of high-cost low-grade ores. 


INTRODUCTION 


Tungsten in its pure form is a silver-gray or tin- 
white metal of high specific gravity (19.35) whose 
usefulness is related directly to its special or unique 
physical and mechanical properties: the metal has, 
next to carbon, the highest melting point of all the 
elements (3,400°C) ; its tensile strength (maximum 
of 590,000 lbs per sq in.) is the highest of all metals; 
and its high heat of sublimation, low compressibility, 
and low coefficient of thermal expansion are further 
attributes of importance in certain applications. 
These fundamental properties are due to the nature 
of the crystalline lattice of tungsten atoms. Tungsten 
is one of the so-called transition metals which are 
characterized by incompleted “d” levels in the elec 
tronic configuration surrounding the nucleus. It ap- 
parently has the optimum number of vacancies in 
the fifth “d” level to establish an exceptionally 
strong interatomic bonding that explains, at least 
qualitatively, the metal’s exceptional properties. 

The major uses of tungsten relate not only to the 
special characteristics of the metal itself but also to 
the properties that it imparts to its compounds and 
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its alloys—extreme hardness, the ability to retain 
hardness and strength at elevated temperatures, high 
tensile strength, adequate electrical conductivity, and 
high wear resistance. The basic forms in which tung- 
sten is consumed are, in approximate percentages, as 
follows: tungsten carbide, 45; alloy steels, 25; non- 
ferrous alloys, 11; tungsten and tungsten-base alloys, 
18; chemicals and others, 1 to 2. These various tung- 
sten materials have important and in some cases 
very specific application in the production of metal- 
working machinery, tool steel, construction and min- 
ing machinery, drill bits, turbines, rocket nozzles, 
structural material in nuclear and space applications, 
transportation equipment (including tire studs), 
electrical equipment, lamp filaments, high-tempera- 
ture thermocouples, inorganic chemicals for use in 
dyes, inks, glass, and luminous pigments, and other 
minor items. More detailed information is given by 
Griffith (1970). 

Tungsten, because of its properties, has many uses 
that are basic to a modern, rapidly diversifying tech- 
nology; consequently, the metal will continue to be 
an increasingly important, if not critical, commodity 
of worldwide importance. Accelerated industrial ex- 
pansion and new applications predicate an increasing 
domestic demand for tungsten, which can be met 
only by discovery of new deposits, by the processing 
of lower-grade source materials at higher cost, by 
increased imports from abroad, or by the recycling 
of tungsten from scrap. An unsatisfactory alterna- 
tive to an adequate supply is substitution of other 
metals for tungsten in some end-use applications. 
Molybdenum is substituted for tungsten in tool steels 
and high-temperature nonferrous alloys even though 
these products have a lower melting point, lower 
hardness at red heat, and a tendency to decarburize. 
Titanium carbide combined with molybdenum, nickel, 
or cobalt has gained acceptance in cutting tools; 
other materials such as aluminum oxides and indus- 
trial diamonds can be substituted in certain applica- 
tions. In many lesser uses such as filaments for 
electric lamps no adequate substitutes are now 
available. 

U.S. production of tungsten ore has varied widely, 
and although production peaks have occasionally ex- 
ceeded consumption lows, the country has, on the 
average over the past 20 years, produced only about 
75 percent of its demand. As a result, the United 
States is a net importer of concentrates, mostly from 
Canada, Australia, Bolivia, Peru, Portugal, and South 
Korea. Of the known and estimated world reserves 
approximating 220 million units WO, (one unit 
equals 1 percent per ton, or 20 pounds WO, contain- 
ing 15.862 pounds tungsten metal), about 80 percent 
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is estimated to be in Communist countries—60 per- 
cent in southeastern China and 20 percent in North 
Korea and the U.S.S.R. The impact of the Chinese 
reserves and potential production is the major un- 
known factor in predicting worldwide tungsten 
markets. 


EXPLOITATION 


Tungsten mining in the United States began on a 
very small scale in 1898 with production from peg- 
matites in Connecticut and South Dakota and from 
quartz veins in Arizona. The history of production 
from 1900 to the present has seen wide fluctuations, 
with short periods of high productivity stimulated 
by high prices during periods of national emergen- 
cies or special Government production incentive pro- 
grams, followed by drastic cutbacks to lower levels. 
Figure 73 shows curves of production and unit price 
for the period 1900-1971. The three peaks on the 
production curve represent the effects of World Wars 
I and II and of the Government stockpile purchase 
program during the Korean War. Since 1960, annual 
production has fluctuated only moderately, and since 
1965, it has been stabilized in the range of 400 
thousand to 500 thousand units, largely as the result 
of the U.S. policy to sell tungsten from Government 
stockpiles at a fixed price. 

The relation of the price to production (fig. 73) is 
revealing as to future domestic supplies. Three times 
in the past 60 years, critical demands for tungsten 
have been met by domestic production, which sug- 
gests that the Nation has a relatively high tungsten 
potential. This is not a low-cost potential, however, 
when compared to other producing areas in the 
world, nor is it an indefinite potential; but under a 
price incentive, tungsten can be produced in quantity. 
A U.S. Bureau of Mines tungsten-availability report 
(Larson and others, 1971) documents this situation. 

The production of tungsten as a coproduct or by- 
product in various mining operations is discussed 
later in this chapter. Such sources of supply will 
likely increase with the continued exploitation of 
large-volume, low-grade ore bodies. 


GEOLOGIC ENVIRONMENT 


GEOCHEMISTRY 

There is a paucity of data for many aspects of the 
geochemical behavior of tungsten, and many of the 
older data (pre-1946) are probably in error because 
of an earlier lack of methods to analyze accurately 
for small amounts of tungsten in common rocks and 
minerals. Only in recent years have these problems 
been largely overcome, and data are becoming avail- 
able from which a better understanding of the geo- 
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FIGURE 73.— United States production and price of tungsten, 1900-1971 


chemistry of tungsten will emerge. The following 
information is based primarily on recent compilations 
of the geochemistry of tungsten by Krauskopf 
(1970) and Barabanov (1971). 

Tungsten (W) is one of the rarer elements in the 
earth’s crust. The average crustal abundance of 
tungsten has been estimated at 1-1.3 ppm (parts per 
million). Of all igneous rocks, those of granitic affini- 
ties contain the most tungsten (average 1.5 ppm). 
Mafic rocks have a somewhat lower range of 0.5-1.0 
ppm and ultramafic rocks the lowest (0.1—0.8 ppm) 
(Krauskopf, 1970). Sedimentary rocks have an aver- 
age tungsten content estimated at 1-2 ppm, the 
amount in clastic sediments generally being higher 
than that in carbonate rocks. The few data for meta- 
morphic rocks are too fragmentary to substantiate 
any general conclusions. 


Meager data suggest that the content of tungsten 
in natural waters is extremely low. Such low values 
are compatible with the general insolubility of tung- 
sten minerals as well as with the strong tendency for 
any dissolved tungsten to be adsorbed on iron and 
manganese oxides. The average tungsten content 
of sea water is probably near 0.0001 ppb (parts per 
billion). Lakes and streams probably contain much 
less than 1 ppb. In acid mine waters associated with 
tungsten ore deposits, values are as much as 100 ppb 
tungsten. Exceptionally high values of 40-64 ppm 
tungsten are reported for the brines of Searles Lake, 
Calif. In hot spring waters, tungsten content may 
reach a few hundred parts per billion. 

In general, the content of tungsten in common 
rock-forming minerals is low. Quartz and feldspar 
generally have less than 2 ppm, and mica, the rich- 
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est, may contain from 5 to 50 ppm. The accessory 
iron-oxide and titanium minerals may have tungsten 
values greater than 10 ppm, and the content of tung- 
sten in niobium-tantalum minerals may reach 1 per- 
cent or more, owing to the substitution of W+® for 
Nb** and Tat®. The hypogene manganese-oxide min- 
erals psilomelane and cryptomelane locally contain 
large amounts of tungsten. 

Tungsten is one of the Group VI elements in the 
periodic table and has atomic number 74 and an 
atomic weight of 184. It is a lithophile element in ter- 
restrial environments and occurs in nature as W+?! 
(ionic radius 0.70 A) and W*® (ionic radius 0.62 A). 
The closest relative of tungsten, molybdenum, has 
similar ionic radii and electro-negativities, the same 
valences in natural materials, and about the same 
abundance in the earth’s crust. Other geochemically 
similar elements are niobium and tantalum, close 
neighbors of tungsten in the periodic table. 

Separation of molybdenum and tungsten in natur- 
al environments occurs because of the tendency of 
molybdenum to form the sulfide, molybdenite, and 
tungsten to form the tungstates, scheelite and 
wolframite. 

The geochemical cycle of tungsten begins with the 
formation of a tungsten deposit by processes related 
to magmatism. In a crystallizing magma, the tung- 
sten gradually becomes concentrated in the residual 
fluids as either volatile compounds (not quantitative- 
ly appreciable, according to thermodynamic calcula- 
tions) or soluble components of the water-rich phase. 
Experimental evidence indicates that tungsten is 
carried in ore-forming solutions chiefly as tungstate 
ion, tungstic acid, sodium tungstate, or a heteropoly- 
acid, the relative amounts of these being controlled 
by temperature, pH, and the silica content of the 
solutions (Krauskopf, 1970). At a critical stage of 
physical conditions and of solution and wallrock 
chemistry, tungsten is precipitated as either wolf- 
ramite or scheelite; which tungsten mineral forms is 
controlled by relative amounts and activity of iron, 
manganese, calcium, carbon dioxide, and fluorine. 

During weathering of a tungsten deposit, most of 
the wolframite and scheelite enter surface waters as 
detritus because both are fairly insoluble in the pH 
range of these waters. The high specific gravities and 
insolubilities of wolframite and scheelite predispose 
their accumulation in eluvial and alluvial placers 
from which some production has been made, but 
these are not a significant source of tungsten at pres- 
ent. The brittleness of these minerals causes them 
to break down during transport into very fine par- 
ticles which are dispersed as fine sediment and thus 
lost within relatively short distances. 
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Narrow tungsten “halos” in soils around ore de- 
posits suggest some mobility of the metal in near- 
surface waters. Secondary enrichment of tungsten 
is known, but is minor and very local. Alkaline solu- 
tions probably have little effect on tungsten miner- 
als; the influence of organic matter is uncertain. 
Tungsten minerals are slowly attacked by acid sur- 
face waters and the released tungsten is thought to 
be partly dissolved as HWO,- and partly converted 
to some form of tungstic oxide (tungstite, hydro- 
tungstite, ferritungstite). Some of the tungsten in 
solution may be removed by adsorption on oxides of 
iron and manganese. The part remaining in solution 
is stable as polytungstate ions such as 6H(WO,)- 
and (HW,O.,)~—° and heteropolyacids such as H;Si 
(W.0O;), having silicon as the central atom in the 
complex. The concentration in natural waters is 
generally very low. Much of the tungsten is even- 
tually dispersed in sedimentary rocks in amounts 
about the same as in igneous rocks. Enrichment may 
occasionally occur in ferruginous sandstone and 
shale. In soils tungsten is slightly enriched in the B 
horizon or lower A horizon and may form halos 
around ore deposits. 

Almost nothing is known about the biogeochemis- 
try of tungsten. Some indication of enrichment in 
plants in mineralized zones has been documented. 
There is little information on black shales, but high 
values for graphitic phyllites and schists in Uganda, 
Ruanda, and India suggest a syngenetic sedimentary 
origin of the tungsten and a correlation with carbon 
content. An important biogeochemical role is unlike- 
ly, since tungsten in more than traces is poisonous 
to most organisms. 

The behavior of tungsten in metamorphic proc- 
esses is unknown. It has been speculated that tung- 
sten occurring in minute amounts in ordinary rocks 
may be mobilized by fluids generated during meta- 
morphism and transported long distances to be de- 
posited where the solutions change character. Thus, 
some investigators have suggested that most tung- 
sten deposits, even those intimately associated with 
granites, are derived by metamorphic processes from 
the small accumulation of tungsten in sediments. 


MINERALOGY 


Although more than 20 species of tungsten-bear- 
ing minerals are known, only members of the wolf- 
ramite group and scheelite are important as ore min- 
erals. Many are very rare in occurrence and several 
have been described from only one locality. Only the 
more common minerals are listed in table 145. 

In many deposits throughout the world, tungsten 
occurs with minerals of other commodities. In the 
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TABLE 145.—Minerals of tungsten 


Relative 
Name Composition abundance 
Wolframite group: 
Huebnerite ___ MnWO, Common. 
Wolframite ___ (Fe,Mn)W0O, Major. 
Ferberite _____ Fe 4 Common. 
Seltecliter see CaWwO, Major. 
Bowellite) -222222.5 Ca(Mo,W) O.( WOs Common. 
to about 10 percent) 
Stolzitemea= = See PbhWO, Uncommon. 
BUSS bie H.WO, Common. 
Cuprotungstite ____ Cue,W0O,(OH)>. Uncommon. 


principal tungsten mine in the United States, the 
tungsten is a coproduct with molybdenum and cop- 
per; but in the second largest producer, tungsten is 
a byproduct of molybdenum mining. Ore minerals of 
other commodities that commonly occur in the tung- 
sten deposits of the world are molybdenite (MoS.), 
cassiterite (SnO.), chalcopyrite (CuFeS.), bismuth- 
inite (Bi.S;), native bismuth (Bi), and fluorite 
(CaF.). In a few places in the United States, tetra- 
hedrite (8Cu.S-Sb.S;) and sphalerite (ZnS) are co- 
products. 


TYPES OF DEPOSITS 


Concentrations of tungsten occur in a wide variety 
of geologic environments that range from high- 
temperature, deep-seated deposits to those deposited 
at the surface from relatively low-temperature hot 
springs. In addition, tungsten has been recovered 
from placers and is known to exist in significant 
though as yet-uneconomic amounts in the brines of 
Searles Lake, Calif. The principal types of occur- 
rence from which most production has come are 
contact-metamorphic deposits (tactites), hydrother- 
mal veins, and stockworks and related porphyry- 
molybdenum deposits. Other deposits that have been 
productive or represent significant resources either 
are variants of these major types or result from 
special geologic situations. These include pegmatites, 
iron-manganese-bearing hot-spring deposits, replace- 
ments of various host rocks under special conditions, 
placer deposits, and the Searles Lake brines. 


CONTACT-METAMORPHIC DEPOSITS 


Tactite, one of the products of contact metamorph- 
ism, is the principal commercial source of tungsten 
in the United States and is second only to quartz 
veins as a commercial source on a worldwide basis. 
Tactites are the products of high-temperature re- 
placement and recrystallization of pure or impure 
limestone or dolomite at or near the contact of in- 
trusive igneous rocks. The resulting dark-colored 
deposits, comprising various combinations of such 
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dark calc-silicate minerals as garnet (usually alman- 
dine or andradite), epidote, hedenbergite, and horn- 
blende, together with magnetite and some quartz and 
calcite, are usually conspicuous in contrast to the 
lighter-colored granitic rocks or the sedimentary se- 
quence into which the granite was intruded. The 
name “‘tactite” was applied to deposits of this type 
by Hess (1919) and is analogous in a broad sense to 
the Swedish term “‘skarn.” 

Contact-metamorphic deposits have been produced 
by two basic processes—simple thermal metamorph- 
ism of impure carbonate strata, and additive meta- 
morphism of either pure or impure carbonate layers 
wherein at least part of the material essential to the 
deposit is added from the magma. Presumably, both 
processes are active in the formation of tactites, and 
essential materials added are principally iron and 
silica with lesser amounts of aluminum manganese, 
and possibly some magnesium. Locally, significant 
amounts of tungsten, molybdenum, copper, zinc, sul- 
fur, and fluorine are added—usually at a late stage. 
Determination of which major elements have been 
added and in what amounts is often difficult unless 
the tactite zone can be traced along strike into the 
unaltered strata where the original composition can 
be determined. However, the presence of one or 
more of the metallic elements, and of sulfur, fluorine, 
or boron, is considered to be indicative of additive 
processes. 

Tungsten, where introduced into tactites, occurs 
only as scheelite or molybdenum-bearing scheelite. 
Magnetite is usually present and may be abundant as 
at the Long mine, Pershing County, Nev., and the 
Old Hickory mine, Milford County, Utah. Pyrite, 
pyrrhotite, molybdenite, sphalerite, chalcopyrite, 
tetrahedrite, stibnite, and bornite are formed at a 
late stage in some deposits, and fluorite, usually pres- 
ent, is locally abundant as at Darwin, Calif., and 
Tem Piute, Nev. 

In most places, tactites form distinctive, sharply 
bounded bodies whose shape and distribution are 
controlled by many factors but mainly by the contact 
of an intrusive body which usually forms one wall, by 
favorable composition of the invaded host rock, and 
by the structural relations of the strata to the con- 
tact. Tactite developed along conformable contacts 
tends to form tabular bodies parallel to the contact 
that seldom maintain a uniform width and vary from 
a few inches to many feet. Where a contact crosses 
bedding, beds more favorable lithologically may be 
replaced outward from the contact for greater dis- 
tances than less favorable ones—in some instances 
for more than a thousand feet. Steep beds may be 
replaced for considerable vertical extent, the tactite 
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pitching along the intersections of favorable beds 
with the intrusive. In some places, as at Tem Piute, 
Nev., ore-bearing tactite having no exposed contact 
with igneous rock has formed in layers parallel to a 
contact but is separated from it by several hundred 
feet of barren strata. Irregularities in igneous con- 
tacts and premineralization faults provide traps as 
well as channelways for mineralizing solutions that 
result in major local enlargements of tactite bodies. 
At the Pine Creek mine, Calif., and at the Nevada 
Scheelite mine, Mineral County, Nev., overhangs of 
the granite contact are associated with enlarged and 
enriched ore bodies. Also at the Pine Creek mine, as 
at the Riley mine in the Osgood Range, Humboldt 
County, Nev., plunging troughlike curvatures of the 
intrusive contact are occupied by enlarged ore shoots. 
Roof pendants and inclusions of calcareous sedi- 
mentary rocks in plutonic rocks may be converted to 
tactite bodies that range in size from only a few feet 
in all dimensions to others that measure hundreds 
of feet. Large pendants like the one at Pine Creek, 
Calif., which is 7 miles long and nearly a mile wide, 
contain a variety of rock types, only some of which 
are replaced by tactite. 

Scheelite is seldom uniformly distributed in tac- 
tite, and many tactite bodies, perhaps most, contain 
none at all. In many mines, scheelite occurs in fairly 
well defined shoots or is more concentrated along 
certain bands in the tactite than in others. The verti- 
cal range may be as great as that of the tactite it- 
self or may be restricted by such factors as perme- 
ability, fracturing, channeling of the ore-bearing 
solutions, and other local controls. 

Scheelite-bearing tactite deposits range in size 
from small isolated pods scattered along a contact to 
massive bodies which may comprise millions of tons. 
The content of WO, in tactite deposits is generally 
low. Parts of the Humboldt ore body at Mill City, 
Nev., contained 10 percent WO, but the entire body 
averaged about 1 percent. A few smaller mines in 
California and Nevada yielded ore averaging between 
1 and 2 percent, but these are the exception. Most 
productive mines contain between 0.5 and 1.0 per- 
cent and a few properties, during periods of high 
prices and under conditions of inexpensive mining, 
produced concentrates from tactite containing as 
little as 0.3 percent WO;. 

Major production of tungsten from tactite deposits 
in the United States has come from the Pine Creek 
mine, Inyo County, Calif. (Bateman, 1965; Gray and 
others, 1968) ; the Mill City district, Pershing Coun- 
ty, Nev.; various deposits in the Osgood Range, Hum- 
boldt County, Nev. (Hobbs and Clabaugh, 1946; Hotz 
and Willden, 1964); and the Brownes Lakes and 
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Calvert Creek deposits in Beaverhead County, Mont. 
Numerous other deposits, particularly in the Sierra 
Nevada of California and in western Nevada, have 
produced lesser but cumulatively very significant 
amounts of concentrates. 

Major occurrences of tungsten-producing tactite 
outside the United States occur at the Flat River 
area in the Northwest Territories, Canada, on King 
Island, Tasmania, and in South Korea. 


TUNGSTEN-BEARING VEIN DEPOSITS 


Tungsten-bearing quartz veins are widely dis- 
tributed and account for more than three-fourths of 
the known world reserves of the metal. The great 
bulk of these reserves, however, are concentrated in 
the extensive tungsten province of southeastern 
China. As with the tactite deposits, most of the pro- 
ductive veins are associated spatially and probably 
genetically with plutonic rocks of granitic composi- 
tion and usually occur near their contacts—either 
within border zones of the plutons or, more gener- 
ally, in the adjacent intruded terrane. In contrast 
with environments favorable for tactites, however, 
the host rock associated with such veins generally 
contains little, if any, carbonate. Shale, siltstone, 
and quartzite or their metamorphic equivalents, as 
well as igneous rocks, either older than the parent 
intrusive or forming the border zones of the parent 
intrusive itself, are favorable hosts for the deposi- 
tion of tungsten in quartz veins. Exceptions to this 
general rule are the quartz-scheelite veins cutting 
carbonate beds in the Minerva district, Nevada, and 
calcite-scheelite veins and stockworks in the Cherry 
Creek district and the Snake Range, Nev. 

Most tungsten veins are mineralogically simple 
and consist of quartz with scheelite and (or) one of 
the wolframite series and minor amounts of other 
minerals. Scheelite is the only ore mineral in the 
quartz-calcite veins at Atolia, Calif., which occur in 
quartz monzonite, and at the Minerva district, 
Nevada, where veins cut carbonate beds. Ferberite 
is the predominant mineral in veins of the famous 
Boulder tungsten district, Colorado, which carry 
only minor amounts of scheelite. Huebnerite is the 
dominant mineral at the Ima mine, Idaho, and at 
the Hamme district, North Carolina, although some 
scheelite occurs in both places. In some veins both 
scheelite and wolframite occur in nearly equal 
amounts. Other minerals such as sphalerite, galena, 
chalcopyrite, tetrahedrite, and arsenopyrite occur 
in large enough amounts in some deposits to be 
recovered as byproducts. Pyrite, pyrrhotite, molyb- 
denite, fluorite, rhodochrosite and some feldspar 
may be present as gangue minerals. In many dis- 
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tricts quartz veins that are mined primarily for 
other metals—especially gold—contain scheelite as 
a sporadically distributed secondary component. The 
Mother Lode of California, the Murray district, 
Idaho, and the Jardine district, Montana, are ex- 
amples. 

Tungsten-quartz veins are similar in most respects 
to typical hydrothermal vein deposits. They are 
tabular bodies that vary greatly in length, width, 
and depth. Although some vein zones extend for 
thousands of feet, the individual component veins 
tend to pinch and swell or to be arranged as a 
series of echelon lenticular segments both along 
strike and downdip. The attitude of the veins de- 
pends largely on the local structural environment. 
Most known occurrences tend to dip steeply, but a 
few are controlled by nearly flat joint systems in 
igneous terrane. 

Tungsten minerals in veins are usually localized 
in ore shoots. These shoots, as well as the veins 
themselves, are controlled by general factors of 
temperature, pressure, chemical composition of 
mineralizing solutions, available channelways for 
solutions, the sequence of mineral formation, and 
the local effect of structure and type of country 
rock. Quartz-tungsten veins are, as a rule, spatially 
very closely related to the contacts of igneous intru- 
sive rocks and notably to the roof zones of such 
intrusions. This relation is illustrated by the not- 
uncommon association of major districts with small 
plutons as at Boriana, Ariz., and the Ima mine, 
Idaho, which are probably in cupolas of larger sub- 
jacent masses, and the alinement of major vein 
zones with granite-cored anticlinal ridges as in the 
Chinese deposits. Tungsten ore shoots in quartz 
veins range from small isolated pockets of scheelite 
or wolframite to nearly continuously mineralized 
vein material that may measure a thousand feet or 
more on strike and downdip. Such extensive ore 
shoots are the exception in the United States, how- 
ever, and most individual shoots have a vertical 
range of less than 500 feet. Cumulatively, the eche- 
lon ore bodies both at the Ima mine, Idaho, and in 
the Hamme district, North Carolina, extend well 
beyond a depth of 1,000 feet. In most occurrences, 
however, the ore shoots are small and even though 
the vein itself may be extensive, the concentrations 
of tungsten minerals within it are widely and 
erratically dispersed. Such “‘pockety” habit is com- 
monplace and makes exploitation difficult. The 
thickness of tungsten veins varies as widely as do 
length and depth, but the economically minable size 
depends as much on grade, attitude, and other physi- 
cal factors as on actual extent. For example, a 
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1-inch-thick vein of pure ferberite (60 percent WO;) 
in the Boulder district, Colorado, was mined; else- 
where, shoots averaging less than 1 percent across 
15 feet or more of vein material have been worked. 
The average grade for all productive tungsten vein 
deposits in the United States is probably close to 1 
percent. Major productive vein deposits in the 
United States are at Boriana, Ariz., Atolia, Calif., 
Roulder district, Colorado, Ima, Idaho, and Hamme, 
North Carolina. Numerous smaller deposits are 
widely scattered in Arizona, Nevada, Colorado, 
Washington, Idaho, and Montana. 


STOCKWORK AND RELATED DEPOSITS 


Deposits of tungsten minerals as fracture fillings 
and replacements in stockworks and breccia zones 
are known at several places in the United States. 
These occurrences, though comprising varied host 
rocks, mineral associations, shape, size, and grade, 
have at least two common prerequisites of origin— 
a source of hydrothermal solutions with suitable 
access channelways, and suitable sites of deposition 
prepared through intimate fracturing, brecciation, 
or shearing of the host terrane. In most deposits of 
this kind (except the closely related porphyry- 
molybdenum occurrences), scheelite is the only 
tungsten mineral. Where breccias and stockworks 
were formed in carbonate rocks, the composition of 
the host undoubtedly was a major factor in the 
deposition of the scheelite. Similar chemical controls 
may have been an important, even if subordinate, 
factor in other environments. 

At Henderson Gulch, Mont., parts of a highly 
fractured granitic body are mineralized along frac- 
ture planes by iron sulfides with some gold and 
scheelite. A small amount of gold and scheelite has 
been recovered from placer deposits downstream 
from this occurrence although the source rock it- 
self has so far proved to be too low-grade for min- 
ing. At the Goat Creek property near Thompson 
Falls, Mont., an elliptical area of moderately frac- 
tured and altered nearly horizontal sedimentary 
rocks of the Wallace Formation of the Precambrian 
Belt Supergroup carries thin seams and veinlets of 
iron sulfides, molybdenite, and some scheelite. This 
occurrence, located on the crest of a broad anticline, 
coincides with a strong, nearly circular aeromag- 
netic anomaly that has been interpreted to reflect 
a buried stock at some unknown depth. Although 
this deposit has not yet been proved economically 
feasible, it illustrates a mode of occurrence that 
may have future potential either here or elsewhere. 

Small calcite-scheelite replacement pipes and 
stockworks have been mined in Nevada and Cali- 
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fornia. These deposits, though locally high grade, 
are small and appear to be related to more exten- 
Sive vein deposits in the same area. 

Huebnerite occurs in small amounts disseminated 
through large volumes of the porphyry-molybdenum 
ore body of the Climax Molybdenum Co. at Climax, 
Colo. Although the grade of the tungsten is only a 
few hundredths of 1 percent and thus is far below 
the economic cutoff for tungsten alone, the hueb- 
nerite is recovered as a byproduct of the very large 
scale mining for molybdenum and has become a very 
significant source of domestic supply; in 1970, Cli- 
max was second only to Pine Creek, Calif., in United 
States production of tungsten. The geologic evolu- 
tion of the Climax stock and the sequence of min- 
eralization are extremely complex and have been 
well documented in the literature (Wallace and 
others, 1968). The composite Climax stock was in- 
truded into Precambrian schist and gneisses and 
comprises four separate intrusions, each of which 
had its own associated hydrothermal event. The first 
three of these produced large stockwork ore bodies 
and associated alteration zones that cap and flank 
each intrusive body. The positioning of these sepa- 
rate intrusions in the same area has led to much 
overlapping and juxtaposition of ore zones. Hach 
mineralizing episode, however, produced a generally 
consistent pattern of ore distribution with a molyb- 
denum-rich zone overlain by a zone with low molyb- 
denum but anomalous amounts of huebnerite and 
pyrite. The upper, currently producing molybdenum 
ore body is overlapped by one of the tungsten- 
bearing halos. 

The Climax deposit is the only one of this kind 
in the United States from which byproduct tungsten 
is recovered. However, the reported association of 
tungsten minerals with geologically similar deposits, 
not only in Colorado but also in New Brunswick, 
Canada, raises the potential for this type of occur- 
rence to become an increasingly important source of 
future supply. 


OTHER MODES OF OCCURRENCE 


Pegmatites containing scheelite or wolframite or 
both are found in many parts of the world, and in 
many places are closely associated with tungsten- 
bearing quartz veins near the contacts of intrusive 
bodies. For the most part, the deposits are small 
and because of their irregular and generally pockety 
nature are difficult to exploit. A relatively insignifi- 
cant percentage of the world production has come 
from pegmatites. The only important tungsten- 
bearing pegmatites in the United States, those at 
the Oreana mine, Pershing County, Nev., were 
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largely mined out in the 1940’s. Other occurrences 
with very minor production are in the southern 
Black Hills of South Dakota and at Silver Hill near 
Spokane, Wash. 

The mushroom-shaped scheelite ore body of the 
Yellow Pine mine, Idaho, was a replacement of brec- 
ciated quartz monzonite near a major shear zone 
(Cooper, 1951). The gangue comprised crushed 
country rock replaced by fine orthoclase and quartz. 
Early-formed gold, pyrite, and arsenopyrite were 
followed by scheelite and subsequently by stibnite 
with some silver. This ore body, which produced 
about 826,900 units WO, during 1941-45, has been 
mined out. 

The replacement of a bed of sandy dolomite in 
the northern Black Hills of South Dakota by wolf- 
ramite accompanied by gold, barite, and a little 
scheelite and stibnite is apparently unique in the 
United States (Runner and Hartmann, 1918). 

Several manganese- and iron-oxide deposits of 
hot-spring origin in the Western United States con- 
tain significant amounts of tungsten in a form still 
unidentified but apparently closely associated with 
the oxide minerals. These deposits, formed at or 
very near the surface, comprise various mixtures of 
manganese and iron oxides in surficial alluvial 
materials, as hot-spring aprons, or as near-surface 
veins. Only the large deposits at Golconda, Nev., 
where tungsten-bearing oxides impregnate Pleisto- 
cene continental fanglomerate, contained enough 
tungsten to be exploited (Kerr, 1940). 

Anomalous amounts of tungsten have been re- 
ported from other hot-spring deposits as well as 
from epithermal manganese-bearing veins in Ne- 
vada, Oregon, New Mexico, and Bolivia. Many others 
probably exist, but because of their usual small size 
and the metallurgical problems they pose, they will 
probably always represent a very small part of 
world resources. 

Commercial concentrations of tungsten minerals 
in stream placers are rare and are generally re- 
stricted to areas close to abundant coarse-grained 
source material as in the Atolia-Randsburg district, 
California. A small amount of fine-grained scheelite 
was recovered as a coproduct with gold from placers 
that were dredged for several miles in Henderson 
Gulch, Mont., downstream from the mineralized 
stockwork deposit previously described. Small 
amounts of wolframite have been recovered from 
eluvial material in the Germania district, Stevens 
County, Wash. 

Significantly larger amounts of placer tungsten 
are reported to have been recovered from eluvial 
and stream placers in the great Chinese tungsten 
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province and from the extension df this province 
into Indochina. 

A small but anomalous amount of WO, is pres- 
ent in the saline brines of Searles Lake (Carpenter 
and Garrett, 1959) and, to a lesser extent, in Owens 
Lake, both of which are a part of the Pleistocene 
Owens River interior drainage system in eastern 
California. The drainage area includes the eastern 
slope of the Sierra Nevada and the tungsten depos- 
its of the Bishop region—from which much of the 
tungsten in the brines was probably leached. Nu- 
merous springs, at least one of which is known to 
carry anomalous amounts of tungsten today, may 
also have contributed to the total tungsten that 
collected in the lakes at the time of the through- 
going Pleistocene drainage. 

Tungsten in Searles Lake occurs as a solute, 
probably as a complex ion, in the brines in the 
amount of about 0.007 percent (70 ppm) WO,. Al- 
though the amount is low, and no efficient extrac- 
tion method has yet been designed, these brines must 
be considered a major resource for future considera- 
tion, because the large volume of brines contains 
approximately 8.5 million units WO;,—more than 
half the known reserves of the United States. 


RESOURCES 
IDENTIFIED AND HYPOTHETICAL RESOURCES 


Reserves of tungsten in the United States are 
estimated to be nearly 15 million short ton units 
WO, in ore containing more than 0.3 percent WO:. 
This is about 6.5 percent of an estimated world 
reserve total of 230 million units. Nearly two-thirds 
of the U.S. reserves occurs as scheelite in tactite 
deposits located principally in California, Nevada, 
and Montana. Other tactite occurrences are located 
in Utah, Arizona, Washington, and Idaho. Most of 
the remaining one-third of the reserves is found as 
ferberite, wolframite, and huebnerite in quartz veins 
in Arizona, Idaho, Colorado, and North Carolina 
and as huebnerite in the Climax porphyry-molyb- 
denum deposit of Colorado. 

An illuminating aspect of the resource potential 
for tungsten in the United States is the fact that 
since 1955 the total United States reserves have 
remained stable or have increased significantly— 
especially in recent years. This has occurred in spite 
of the very high rate of production in the mid- 
1950’s and the industry’s relatively depressed con- 
dition since then. Presumably this fact reflects new 
discoveries during periods of active exploration and 
exploitation as well as significant extension of re- 
serves in the few major mines that have produced 
more or less continuously. 
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In addition to its reserves, the United States has 
numerous deposits containing less than 0.3 percent 
WO, that may be considered as conditional re- 
sources. Most of these resources are in tactites and 
stockworks, and they are estimated to total two 
to three times the known U.S. reserves. The 8.5 
million units WO, in Searles Lake brines is an addi- 
tional conditional resource. 

An extrapolation of identified resources into the 
realm of hypothetical ore bodies may reasonably be 
attempted on the basis of our knowledge of regional 
distribution, modes of occurrence, and geochemical 
association. Those parts of the Western United 
States from which most of our tungsten has been 
produced include vast areas covered by surficial 
debris and Tertiary sedimentary or volcanic rocks 
that undoubtedly conceal deposits at least equal in 
volume to, if not greatly exceeding, known deposits. 
Also, the proved association of important amounts 
of tungsten with molybdenum in porphyry-molyb- 
denum deposits presages the discovery of others of 
this type, especially in Colorado. No real measure 
of tungsten recovery from this source in other parts 
of the country is yet available, but because of the 
tremendously large molybdenum resources esti- 
mated for deposits of this kind, the potential for 
tungsten byproduct recovery is proportionately 
large. 

More than 90 percent of the world’s known tung- 
sten reserves are outside the United States, with 
60 percent in southeastern China. Table 146 sum- 
marizes the general reserve estimates and geologic 
characteristics of the major tungsten-producing 
countries of the world. Reserve figures are estimates 
only, and those for Communist countries, where in- 
formation is outdated, inadequate, and difficult to 
evaluate, are far less reliable than those for the 
free world. 


SPECULATIVE RESOURCES 


The worldwide pattern of tungsten distribution, 
combined with the known geologic conditions re- 
lated to its localization, leads to broad speculation 
of ultimate potential which can reasonably be ex- 
tended an order of magnitude beyond the identified 
and hypothetical world resources. 

The localization of many of the major tungsten 
districts of the world in a broad circum-Pacific belt 
extending from South America through the United 
States, Canada, Alaska, and down the eastern coast 
of Asia into Australia and Tasmania, marks this 
zone as one in which other deposits or districts may 
very likely be found. The discovery and extensive 
production from contact-metamorphic deposits in 
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TABLE 146.—Geology and reserves of principal tungsten deposits of the world 


Reserves ! Tungsten Major 
(millions minerals associated Associated igneous rocks 
Country of short Major deposit (major minerals Host rocks 
ton units types mineral of other Classification Age 
woa;,) italized) commodities 
North America: 

Canadayee = 30.0 Contact metaso- Scheelite --_--_-- Chaleopyrite --_-- Paleozoic lime- Quartz mon- Cretaceous. 
matic. stone. zonite. 

United States __ 15.0 Contact metaso- Scheelite, wolfra- Molybdenite, Limestone, Quartz mon- Late Paleo- 
matic, stock- mite, ferberite, chalcopyrite. granitic and zonite to zic, Jur- 
work veins, huebnerite. metasedimen- granite. assie to 
quartz veins. tary rocks. Cretaceous, 

Tertiary. 
South America: 
Rolivingee ee 5.5 Quartz veins -___ Wolframite, Cassiterite, Paleozoic sedi- Dacite to Late Jurassic, 
scheelite. sphalerite, mentary rocks, quartz latite. late Ter- 
stannite, chal- Cretaceous to tiary. 
copyrite, Tertiary sedi- 
fluorite, bis- mentary and 
muth minerals. voleanie rocks. 

Brazil aes 2.5 Contact metaso- Scheelite, wolfra- Molybdenite, Precambrian cal- Granite __------- Precambrian. 
matic, quartz mite. bismutite. careous rocks 
veins. in mica schists. 

Europe: 
Portugaly ea 1.4 Quartz veins ---- Wolframite, Cassiterite, Granite and =%=i0) —-oss2see5 Late 
scheelite. chalcopyrite, metamorphic Paleozoic. 
sphalerite, rocks. 
galena, fluorite. 

WES SeR eae S00 Contact metaso- Scheelite, wolfra- Molybdenite, Various metasedi- s2-d0), -sssse-se5 Late Paleo- 
matic, quartz mite. powellite, bis- mentary rocks. cene to 
veins. muth minerals, Eocene. 

fluorite, 

cassiterite, 

sulfides. 
Asia 

Burma’ =2==-=>2* 4.4 Quartz veins --_- Wolframite, Cassiterite, minor Sedimentary Laz=dov se eee Mesozoic (?). 

scheelite. sulfides. rocks. 

China) =-===--=-— 132.3 Sonat: eae eas Wolframite --_-_- Cassiterite, bis- Paleozoic and Aeeet) assabssecs Late Jurassic. 

muth minerals, Mesozoic sedi- 
molybdenite, mentary rocks 
chalcopyrite. and granite. 

North Korea ___ 15.7 eae" 00", a eee Wolframite, Chalcopyrite, Phyllite, mica 

scheelite. fluorite. schist, gneiss. 

South Korea ____ 6.4 Contact metaso- Scheelite, wolfra- Molybdenite, Metasedimentary Bsn (Nai as Do. 
matic, stock- mite. chalcopyrite. rocks and 
work veins, granite. 
quartz veins. 

Malaysia ________ 2.0 Quartz veins, Wolframite, Cassiterite, minor Paleozoic and ee AO lyets= ees Mesozoic. 
contact scheelite. sulfides, fluorite. Mesozoic sedi- 
metasomatic. mentary, vol- 

canic, and 
metamorphic 
rocks. 
Australiage 4.8 Contact metaso- Wolframite, Cassiterite, Sedimentary, a5 200) eee Late 
matic quartz scheelite. molybdenite, metasedimen- Paleozoic. 
veins. bismuth min- tary rocks and 
erals, fluorite. granite. 


1Identified deposits 


the Yukon within the last 20 years is a specific 
example. In other parts of the world, tungsten, pre- 
sumed to be of Precambrian age, is widely scat- 
tered in parts of the Brazilian, African, and Cana- 
dian Shield areas, as well as in the Precambrian 
crystalline cores of the Rocky Mountains of Colo- 
rado and Wyoming. Although mostly small as now 
known, these deposits are indicative of a time-and- 
place relation that once thoroughly understood 
might lead to the discovery and exploitation of sig- 
nificant amounts of tungsten ore. The association 
of tungsten with porphyry-molybdenum deposits in 
Colorado is well known and such association is 
suggested in other areas as well. In contrast, the 
association of tungsten with porphyry copper de- 
posits is thought to be rare or is undetermined, in 
spite of the fact that these deposits are strikingly 
similar in mode of occurrence and origin to the 
molybdenum-bearing porphyries. Recovery of tung- 
sten as a byproduct from some of the porphyry 


from which minerals can be extracted profitably with existing technology and under present economic conditions. 


copper operations is a speculative possibility. 


PROSPECTING TECHNIQUES 


Many early discoveries of tungsten deposits were 
made from the recognition of scheelite and wolf- 
ramite, accompanying other heavy minerals, in 
panned concentrates collected in the search for gold 
and other precious metals. In outcrop, wolframite, 
as black bladed crystals in quartz veins, was easily 
identified, but scheelite, because of its similarity in 
color and luster to quartz and feldspar, was often 
overlooked. Panning is still a very useful technique 
for tracing tungsten to its source. Development of a 
portable shortwave ultraviolet light during the 
1930’s greatly stimulated the search for scheelite, 
which fluoresces a bright blue-white to creamy- 
yellow at this wavelength. The degree of yellow 
fluorescence is controlled by the amount of molyb- 
denum in the mineral structure. A person experi- 
enced in the use of this technique can detect very 
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small amounts of scheelite and estimate grade quite 
accurately. Most discoveries of workable tungsten- 
bearing tactite deposits in the United States were 
made by use of this method through systematic 
scanning of recognized tactite zones. 


Geophysical methods are particularly applicable 
to the selection of geologic environments in which 
tungsten deposits might logically exist, but no direct 
measurements of the tungsten content can be made 
by these techniques. Broad regional studies by means 
of airborne magnetic and radiometric surveys and 
regional gravity measurements are useful in identi- 
fying variously anomalous rock bodies that are 
known to relate to possible environments of ore 
deposition. Such measurements have located igneous 
contacts, have provided data on location and depth 
of buried plutons and cupolas, have delineated 
tungsten-associated granites (as in the Kazakhstan 
region of the U.S.S.R.) that have relatively low 
magnetic field intensity and high radioactivity, and 
have helped define such regional structures as the 
Colorado Mineral Belt, whose intrusive igneous 
masses are reflected in low gravity anomalies even 
though the associated molybdenum-tungsten min- 
eralization is not so reflected. 

Detailed geophysics may apply directly to the de- 
tection of ore zones, individual ore bodies, or prom- 
ising environments. Many tactites that contain 
magnetite and (or) pyrrhotite are responsive to 
magnetic methods of detection; those with high sul- 
fide contents respond to various electrical tech- 
niques; and detailed gravimetry may usefully refine 
the location, size, and depth of small plutons or the 
configuration of significant contacts. 

Geochemical surveys, though used sparingly in 
the United States to date, can be useful for future 
tungsten exploration. The simplest and perhaps most 
useful technique is the panning and analysis of 
stream sediments. Because of their high specific 
gravity and low solubility, tungsten minerals tend 
to concentrate as resistate fractions in streambeds, 
and the systematic sampling of stream sediments 
will often identify anomalous drainage basins and 
pinpoint source areas. The sampling and analysis 
of individual plutons of an intrusive complex has 
shown that, in some instances, plutons associated 
with tungsten mineralization contain anomalous 
amounts of tungsten and associated elements. This 
technique, even though not specific for individual 
deposits, does narrow the target for the application 
of other methods. 

Tungsten, because of its low chemical mobility 
under weathering conditions, generally produces 
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geochemical anomalies of only limited range sur- 
rounding the source material. Analysis for indicator 
elements such as fluorine, arsenic, and (or) phos- 
phorus that have greater mobility and are commonly 
associated with tungsten deposits may, in some cir- 
cumstances, be more useful because of the wider 
halos they produce in rocks, soils, and (or) plants. 
In some special circumstances, other metallic ele- 
ments commonly associated with tungsten such as 
molybdenum, copper, bismuth, antimony, and tin, 
may be used as indicators. 


PROBLEMS FOR RESEARCH 


Much has been learned about tungsten deposits 
from long experience with them. The application of 
empirical data has identified the common modes of 
occurrence, the effects of local geologic controls, the 
general geologic environment, associated minerals, 
general distribution, and other characteristics, and 
it has been useful in the discovery of new deposits 
and even new districts. There are limits, however, 
to this approach and a full evaluation of the re- 
source potential of tungsten must await the answers 
to many basic questions: Why is tungsten found in 
some geologic provinces and not in others? Why is 
it associated with igneous rocks of certain composi- 
tion or of certain ages? Why is it frequently 
pockety and erratic in distribution? Why has it been 
deposited over such a wide range of temperature- 
pressure conditions? Why is it deposited as scheelite 
in one place and wolframite in another? These are 
but a few questions, most of which relate to tung- 
sten’s geochemistry—its distribution in the earth’s 
crust and the processes by which it is concentrated 
into ore deposits. 

Answers to these and other pertinent questions 
can come only from basic research that should, 
ideally, combine geologic mapping and sampling of 
carefully selected field areas with detailed laboratory 
work on the mineralogy and chemistry of all re- 
lated geologic components. One of the key restraints 
in this approach has been the inability to analyze 
with accuracy for small amounts of tungsten (less 
than 10 ppm) in rocks and minerals. It is hoped 
that the refinements in techniques already made or 
being developed will lower the level of accurate de- 
tection into the parts-per-billion range. Such refined 
measurements may lead, for example, to the identi- 
fication of source rocks, the delineation of channels 
of migration of ore-bearing solutions, or the recogni- 
tion of dispersion halos of buried ore bodies. 

Many prospecting techniques have been used in the 
search for tungsten, but new approaches are needed 
and undoubtedly will be developed. Immediate help 
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is available, however, through the more imaginative 
use of known techniques especially for the identifi- 
cation of favorable environments in covered areas. 
Intensive application of various geophysical methods 
to locate contact zones or buried stocks and cupolas, 
with which many tungsten deposits are associated, 
is an approach that should prove fruitful. 

Technological problems in recovery of tungsten 
from ore have been as varied as the modes of 
occurrence. Where ore minerals are coarse grained 
and the gangue has low specific gravity, the problem 
is minimal; in tactites where the gangue minerals 
are nearly as heavy as the ore minerals, recovery 
is more difficult and still inefficient; in special oc- 
currences, as at Golconda, expensive chemical proc- 
esses must be used that can recover only a part of 
the contained metal; and for some occurrences, as 
at Searles Lake, no economic process has yet been 
devised for recovery. Most of the scheelite recovered 
from tactite deposits contains several percent cal- 
cium molybdate (powellite) in its molecular struc- 
ture, and for many uses, the scheelite must be puri- 
fied by chemical treatment to remove the molyb- 
denum. Byproduct recovery from very low grade 
material is usually extremely inefficient, and new 
techniques to improve such recovery may also be 
applicable to the recovery of much of the tungsten 
that has been lost or is still being lost in the tailings 
piles of tungsten mills. 
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FISCHER 


ABSTRACT OF CONCLUSIONS 


Vanadium is used mainly as an alloy agent in steel. Its 
domestic consumption increased rapidly during the 1960’s, 
and a growth rate of demand higher than that of any other 
ferrous mineral has been predicted to the year 2000. Foreign 
uses, consumption, and predicted requirements have a similar 
pattern. 

Predicted domestic requirements to the year 2000 exceed 
the estimated amount of vanadium available from produc- 
tive domestic sources by about 300,000 to 400,000 short tons. 
Domestic resources in magnetite deposits and in carbonaceous 
shales are adequate to furnish this deficient vanadium, but 
they can do so only if domestic metallurgical practices are 
modified or new ones are developed. 

Foreign reserves in productive titaniferous magnetite de- 
posits and resources in known but unproductive deposits of 
this type are adequate to satisfy world requirements for 
vanadium in the foreseeable future; these deposits occur in 
many countries, but the largest are in Australia, Canada, 
South Africa, and the U.S.S.R. Large resources also occur 
in vanadiferous shales in various parts of the world; those 
in Australia and the U.S.S.R. are perhaps more apt to be- 
come productive. Small but significant amounts of vanadium 
will be recovered from other iron ores, phosphate rock, pe- 
troleum residues, and other byproduct sources. 

Although vanadium resources are large, vanadium sup- 
plies large enough to satisfy requirements are not necessarily 
secure, because so much vanadium is recoverable only as a 
byproduct of operations for other commodities. 


INTRODUCTION 


Vanadium (V) has the atomic number of 23 and 
the atomic weight of 50.95. It is a bright silver-white 
to steel-gray metal, with a melting point of about 
1,900°C. Its specific gravity is 5.87 at 15°C. It alloys 
with several other metals. 

About 80 percent of the vanadium consumed do- 
mestically has been used as an alloy in steel (fig. 69) ; 
foreign usage is similar. Vanadium is added mainly 
to toughen and strengthen steel and to control its 
grain size (National Materials Advisory Board, 1970; 
Busch, 1961; Griffith, 1970). In vanadium-bearing 
tool steels, the amount used ranges from about 0.5 to 
4 percent V, and it is commonly used in varying com- 
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FIGURE 74 .—Principal uses of the vanadium consumed in the 
United States, 1955-70. Data from U.S. Bureau of Mines 
“Minerals Yearbook” published annually. 


binations with chromium, niobium, molybdenum, 
nickel, and tungsten; a limited degree of substitution 
among these metals is possible but not usually prac- 
ticed. The class “Other allow steels” shown in figure 
74 mainly comprises the “high strength-low alloy 
steels” (HSLA) that are used principally for high- 
pressure pipelines and construction purposes; the 
use of this type of steel, and the consumption of 
vanadium in it, has increased appreciably since the 
early 1960’s. Generally, only 0.02—0.1 percent V is 
used in most of these steels, but it increases the yield 
point from about 35,000 psi (pounds per square inch) 

_ to the range of 50,000-65,000 psi. Niobium is used 
with vanadium in some of these HSLA steels, and it 
can be substituted for vanadium to a considerable 
extent if desirable from the standpoint of price or 
supply of these two alloy metals; other alloy metals 
can also be used with vanadium or as substitutes for 
it in some steels. A small amount of vanadium is 
used, along with other alloying metals, in cast irons 
made for special purposes. In the future an appreci- 
able increase in the use of vanadium in the continu- 
ous casting of steel billets is possible but not likely; 
in this practice, vanadium is used along with, or 
partly in substitution for, aluminum and (or) 
niobium. 

Vanadium as an alloying agent in nonferrous 
metals is used chiefly with titanium in the aerospace 
field, an application that is expected to increase 
significantly in the future. Vanadium has numerous 
uses in the chemical industry, especially as a cata- 
lyst. Vanadium metal, with several other metals 
added as alloys, is a candidate for use in the nuclear 
industry as a fuel-cladding material for advanced 
liquid-metal-cooled fast-breeding reactors; other can- 
didates for this application are stainless steels and 
molybdenum- and cobalt-base alloys. If vanadium is 
ultimately selected, vanadium requirements after 
about 1985 would be large. 


From the 1940’s until about 1960, the United 
States was the world’s principal producer of vanadi- 
um, and it enjoyed a moderate export market. In 
recent years, domestic production has remained fair- 
ly constant, at about 6,000 short tons V yearly, but 
consumption has increased and now about equals 
production; some exporting has continued but is 
about equaled by imports. Future domestic require- 
ments are expected to increase appreciably (Nation- 
al Materials Advisory Board, 1970). Griffith (1970, 
table 2) predicted domestic demand in the year 2000 
to range from 25,500 to 37,500 short tons V, pro- 
jected on the basis of an estimated growth rate of 
demand higher than that of any other ferrous min- 
eral. (For comparative figures of the predicted 
growth rate of demand for the ferrous minerals see 
table 1, p. 245, U.S. Bureau of Mines (1970).) Using 
this predicted growth rate of demand, Griffith (1970) 
estimated cumulative domestic requirements in the 
1968-2000 period to range from 420,000 to 520,000 
short tons V; he also estimated known reserves in 
productive domestic sources to total only 115,000 
short tons of recoverable vanadium, which indicates 
an appreciable domestic deficiency. New domestic 
sources will have to be developed or imports in- 
creased to meet this deficiency. 


PRODUCTION 
GEOGRAPHIC SOURCES OF VANADIUM 


Figure 75 is a generalized graph showing vanadi- 
um production for every tenth year from 1910 to 
1970. A limited and probably desultory U.S.S.R. pro- 
duction in the 1930’s and 1940’s is not plotted. Other 
countries are known to have produced vanadium, but 
production figures are generally not available, and a 
category of “other” is not shown on the graph. In 
1970 this “other” production probably amounted to 
1,000-2,000 short tons V, most of which came from 
Canada, Chile, several European countries, and 
Japan. This “other” category was not significant in 
earlier years except during World War II, when Ger- 
many and Japan recovered appreciable vanadium, 
probably in the order of 3,000 short tons V yearly for 
a few years. 


GEOLOGIC SOURCES OF VANADIUM 


Figure 76 is a generalized graph showing the 
geologic types of deposits that yielded the vanadium 
production shown in figure 75. The category “‘Sand- 
stone and others” represents vanadium production in 
the United States; about 90 percent of the total U.S. 
production during 1910-70 is from sandstone de- 
posits, a very small part from vanadate ores, and the 
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FIGURE 76.—Generalized graph showing the principal geologic 
types of deposits from which vanadium was recovered, 
1910-70. Compilation by author, based on data in figure 75. 


rest is from phosphate rock and the deposit in 
Arkansas described below. The category “Iron 
deposits” is wholly from titaniferous magnetite 
deposits. The vanadium produced in 1970 from coun- 
tries other than those shown in figure 75 (see “Geo- 
graphic Sources of Vanadium’) was derived from 
iron ores, the residue of petroleum refining, the soot 
and ash from furnaces burning crude oil, the sludge 
derived from the Bayer process of making alumina, 
and other waste products. 

About 75 percent of the reported and estimated 
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1970 vanadium production shown in figure 76 was 
derived from iron (titaniferous magnetite) deposits. 
Output from this source became significant in the 
1950’s and large in the 1960’s, reflecting the inability 
of the traditional high-grade sources to satisfy the 
increasing requirements for vanadium. This situation 
is analogous to that of the copper industry about 50 
years ago, when copper requirements exceeded the 
capacity of the high-grade sources, mainly vein de- 
posits, to meet the demands, and the large-tonnage, 
low-grade porphyry copper deposits were developed 
as the principal geologic source of copper. 


GEOLOGIC ENVIRONMENT 
GEOCHEMISTRY 


Vanadium is considered to be a minor element, but 
it is a rather abundant one. Its crustal abundance is 
in the order of 100-150 ppm (parts per million), 
about twice that of copper and zinc and 10 times that 
of lead. It is one of the lithophile elements that occur 
mainly in silicate rocks, but it does not form an im- 
portant part of any common rock-forming mineral. 
It also has a biophile tendency, so it accumulates in 
some environments rich in organic materials. Va- 
nadium occurs in three valence states in nature; 3- 
and 4-valent vanadium are rather insoluble in aque- 
ous solutions, but 5-valent vanadium is relatively 
soluble. 

Geologically, vanadium is a rather well-disciplined 
element—it has a well-defined geochemical cycle, and 
it accumulates in only a small number of geologic 
situations, where its habits and grade range are 
reasonably consistent. 

In igneous rocks, vanadium occurs mainly in the 
insoluble 3-valent state and substitutes for iron and 
perhaps aluminum in iron and ferromagnesian min- 
erals. It is most abundant in the mafic igneous rocks 
(about 200 ppm), less abundant in the ultramafic and 
intermediate rocks (about 50 ppm), and sparse in the 
silicic ones (about 25 ppm). Vanadium is concen- 
trated in magmatic magnetite deposits, especially 
those that are titaniferous, and commonly ranges 
from 1,000 to 5,000 ppm in these deposits. 

Because most of the vanadium in magmas is in the 
insoluble 3-valent state, not much vanadium is avail- 
able for hydrothermal transport; hence, only a little 
(10-100 ppm V) occurs in most hydrothermal ore 
deposits. However, many titanium-bearing vein de- 
posits and some gold-quartz veins, especially those 
with gold-telluride minerals, contain some vanadium, 
commonly about 1,000 ppm. 

During weathering of igneous rocks in humid cli- 
mates, much of the vanadium in the ferromagnesian 
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minerals apparently goes into the clay minerals that 
are formed, but it remains in the 3-valent state or 
oxidizes to the 4-valent state, both of which are rela- 
tively insoluble. If erosion is insignificant but chemi- 
eal leaching is intensive, the residual material may 
be enriched in vanadium, as are some bauxites and 
laterites, which commonly contain about 500 ppm V. 
If, on the other hand, the clay minerals are removed 
by erosion, most of the vanadium must stay with 
these clay minerals during transport to places where 
they accumulate as sedimentary rocks, for argilla- 
ceous sediments commonly contain about as much 
vanadium as do igneous rocks, whereas sandstones 
contain only about 20 ppm V and limestones about 
10 ppm. 

During the weathering of igneous, residual, or 
sedimentary rocks, some vanadium oxidizes to the 
5-valent state, especially in the intensive oxidizing 
conditions of arid climates. In this state the vanadi- 
um goes into surface or ground-water solutions and 
remains in solution over a wide range of acidity and 
alkalinity. It can be precipitated from solution and 
locally coneentrated in rocks under the following 
three general conditions: 

1. By reaction with hydroxides of aluminum or 
ferric iron. This process forms or enriches the va- 
nadium concentration in some bauxites and residual 
or sedimentary iron ores, some of which contain 
about 500 ppm. 

2. By reaction with cations of heavy metals, such 
as copper, lead, and zinc. This process forms the epi- 
genetic vanadate minerals in the oxidized zones of 
base-metal deposits. The vanadium concentrations 
range from a trace to several thousand parts per 
million V. 

8. By reduction in the presence of organic material 
or biogenetically generated H.S. If the vanadium- 
bearing solutions are moving through rocks, epi- 
genetic ore deposits such as those in sandstone in 
the Colorado Plateau region can be formed. On the 
other hand, if the vanadium is carried to the seas by 
surface waters, it can concentrate syngenetically in 
phosphorites that are rich in organic material, and in 
carbonaceous shales; some of these shales contain as 
much as 5,000 ppm VY. Furthermore, if the organic 
materials in these shales are converted to liquid 
hydrocarbons, the vanadium can be moved as a dis- 
solved constituent; some crude oils contain as much 
as several hundred parts per million V. Vanadium ac- 
cumulates in the ashes of these oils, and also in the 
asphaltic residues resulting from natural or indus- 
trial distillation of these oils, and these materials 
have been used as commercial sources of vanadium. 


VANADIUM MINERALS 

Fischer and Ohl (1970) listed the names of 110 
vanadium minerals, but only some 60 of these are 
generally accepted by mineralogical authorities; the 
rest are considered to be inadequately described or 
unneeded synonyms. Of the accepted vanadium min- 
erals, most are scarce. The important ore minerals 
are listed below; however, most of the vanadium 
being produced currently is recovered from ores or 
materials in which no specific vanadium ore mineral 
is recognized. 

Carnotite: Ke(UO:)2(VO,)223H.O. A secondary mineral 
in surface and near-surface deposits of vanadium and uran- 
ium in sandstone; especially common in the Colorado Plateau 
region. 

Coulsonite: (Fe,V):0;,. A primary mineral exsolved from 
magnetite in some titaniferous magnetite deposits; also with 
magnetite in nontitaniferous magnetite deposits in Nevada. 

Descloizite-mottramite series: PbZn(VO;,)OH-PbCu 
(VO.)OH. Includes araeoxene, chiléite, cuprodesclozite, de- 
chenite, eusynchite, psittacinite, ramirite, schaffnerite, and 
vanadite. Secondary minerals in the oxidized parts of base- 
metal deposits; common in deposits in arid climates. 

Montroseite: (V,Fe)O*OH. A primary mineral, mostly in 
deposits in sandstone; common but nowhere abundant. 

Patronite: VS;. A primary mineral in the asphaltite-vein 
deposit at Mina Ragra, Peru. 

Roscoelite: Near K(V,A1)3Sis01(OH)». A primary mineral, 
common and abundant in vanadium deposits in sandstone, 
sparse to moderate in some gold-quartz veins. 

Vanadinite: Pb;(VO;):Cl. A secondary mineral in the 
oxidized parts of some base-metal deposits. 


VANADIUM DEPOSITS 
DEPOSITS OF MAGMATIC ORIGIN 
TITANIFEROUS MAGNETITE DEPOSITS 


Vanadium-bearing titaniferous magnetite deposits 
are associated with mafic and related igneous rocks, 
most commonly anorthosite and gabbro. These rocks 
occur in thick stratiform sheets or complex intrusive 
bodies and are of deep-seated origin; most of those 
exposed are in continental shield areas and are of 
Precambrian age; only a few are younger. Magnetite 
and ilmenite are the principal ore minerals, but some 
hematite is present in some deposits. These minerals 
occur in medium- to fine-grained intergrowths and 
in exsolution and solid-solution relations. Small blebs 
and exsolution blades of coulsonite have been recog- 
nized in magnetite in a few deposits, but no vanadium 
mineral has been identified in most deposits; almost 
always, however, vanadium is more abundant in the 
magnetite (magnetic) concentrates of these deposits 
than in the ilmenite concentrates. Ore grades in pro- 
ductive deposits vary widely: 16—60 percent Fe, 1.5— 
38 percent TiO., and 0.1-2 percent V.O;. Small but 
varied amounts of chromium, copper, and nickel oc- 
cur in these deposits; phosphorus is generally sparse. 


VANADIUM 


The ore minerals crystallized with the silicate min- 
erals from the magma, and commonly they occur 
disseminated in large masses of rock or were segre- 
gated by crystal settling into extensive lenses or 
layers as much as several feet thick. Some bodies of 
magnetite and ilmenite occur as plugs, dikes, and 
irregularly shaped masses that presumably were 
injected into these forms when conditions caused 
remelting of these minerals in places where they 
originally crystallized. Deposits vary widely in size 
—from those too small to be mined to those that con- 
sist of several billion tons of ore containing several 
million tons of vanadium. 


NONTITANIFEROUS MAGNETITE DEPOSITS 

Nontitaniferous magnetite deposits, by arbitrary 
definition, contain less than about 1 percent TiO.. 
They also generally contain less vanadium but more 
phosphorus than do the titaniferous magnetite de- 
posits—commonly 0.1 to about 0.5 percent V.O; and 
more than 0.1 percent P. Their geologic habits are 
less consistent than those of the titaniferous magne- 
tite deposits; some of them are derived from mafic 
igneous rocks but others are associated with igneous 
rocks of intermediate or syenitic composition, and 
some deposits are apparently wholly magmatic 
whereas others have the characteristics of contact 
or hydrothermal replacement bodies. Magnetite, the 
principal ore mineral in these deposits, occurs in dis- 
seminated or massive bodies; the iron content ranges 
from about 30 to 60 percent Fe. Apatite is present in 
the deposits rich in phosphorus. 

VANADIUM-BEARING HYDROTHERMAL VEIN DEPOSITS 

Vanadium is sparse in typical hydrothermal vein 
deposits except those containing titanium minerals 
and some containing gold. A few tenths percent V.O; 
is common in the titanium minerals ilmenite, rutile, 
and brookite, and also in the uranium-titanium-iron 
mineral davidite, where these minerals occur in 
veins. Nolanite (Fe.V,,0.;, Fe:V:O,;) is intergrown 
with ilmenite and other vein minerals in the urani- 
um-bearing veins in the Goldfields district, Sas- 
katchewan, Canada (Robinson, 1955). In some gold- 
quartz veins, especially those containing gold- 
telluride minerals, roscoelite, the vanadium-bearing 
mica, is conspicuous. The roscoelite is finely inter- 
grown with quartz and other gangue minerals, and 
in places it forms small aggregates along the vein 
walls. The vanadium content of these veins is as- 
sumed to be low, although no grade data have been 
found except for the Kekionga-Magnolia vein, Mag- 
nolia district, Colorado, where ‘“‘a moderate tonnage 
averaging 2 percent vanadium oxide was blocked 
out” (Lovering and Goddard, 1950, p. 234). 
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EPIGENETIC DEPOSITS 
VANADATE DEPOSITS 


Vanadates of lead, zinc, and copper (vanadinite 
and minerals of the descloizite-mottramite series) 
are common in the oxidized zones of base-metal 
deposits, especially in areas of arid climate and deep 
oxidation. These minerals form crusts and partly fill 
cavities in the altered and leached material of the 
primary base-metal sulfide veins and replacement 
bodies. The vanadate ore bodies are irregular in 
shape and varied in size and grade; most are rather 
small and low in grade. Carbonate rocks are the host 
to most deposits, but some deposits are in silicic 
igneous rocks. It is generally assumed that the va- 
nadium was introduced by oxidizing ground waters 
from remote sources because the vanadium contents 
of the primary sulfide deposits and the country rocks 
are virtually nil. 


DEPOSITS IN SANDSTONE 


Vanadium deposits in sandstone have been the 
principal source of this metal until recent years; 
similar but unimportant deposits are known in lime- 
stone and shaly sandstone. Typically, the productive 
deposits occur in stream-laid sandstone lenses sev- 
eral tens of feet thick and 1 mile to several miles 
wide, interbedded with mudstone of flood-plain or 
lacustrine origin. These beds accumulated on broad 
alluvial plains or fans, and all are of late Paleozoic 
age or younger, probably coincident with the evolu- 
tionary development of land plants; coalified fossil 
plant material is present in most deposits. A few 
productive deposits are in beds of clean sandstone of 
eolian origin. 

Varied amounts of uranium and copper are as- 
sociated with vanadium in these deposits. The prin- 
cipal primary ore minerals are silicates and oxides of 
both vanadium (mainly roscoelite and montroseite) 
and uranium (coffinite and uraninite) and the com- 
mon sulfides of copper; carnotite is the principal 
secondary vanadium-uranium mineral. These min- 
erals chiefly fill the pores of the sandstone, but they 
also partly replace the sand grains and the plant 
fossils. Ore grades are commonly 1-2 percent V.O., 
0.05—0.25 percent U;O;, and a trace to 1 percent Cu. 
Some ore bodies are irregular in shape, but most of 
them are tabular; they average only a few feet in 
thickness and lie nearly parallel to the bedding of the 
host rock. Ore bodies range in size from a few tons 
of ore to more than a million tons. Individual de- 
posits are discrete bodies and are separated from 
neighboring deposits by barren sandstone; neverthe- 
less, deposits tend to be clustered in patches of 
ground a few miles across and to recur in a favored 
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stratigraphic zone over broad areas. It is generally 
assumed that the vanadium and associated metals 
were introduced by ground waters moving along the 
sandstone host beds to places where an adequate 
reducing environment existed; coalified plant ma- 
terial and H.S generated by bacteria feeding on the 
plant material likely were the reducing agents. 


ASPHALTITE DEPOSITS 


The trace amounts of vanadium in crude oils tend 
to accumulate in the natural asphalts and related 
materials that are the residues or natural distillation 
products of crude oils. Many asphaltites contain 
about 1 percent V.O., and some have yielded samples 
reported to contain appreciably more vanadium. 
One asphaltite deposit, that at Mina Ragra, Peru 
(McKinstry, 1957), has been intensively exploited 
for vanadium; this deposit was mined from 1907 to 
1955 and was the world’s principal source of va- 
nadium in the early 1900’s. Unoxidized ore in this 
deposit consisted of quisqueite (a hydrocarbon), 
coke, and patronite (a vanadium sulfide). Vanadates 
and vanadium oxide minerals formed the near- 
surface oxidized ore, some of which was fabulously 
rich, containing as much as 40 percent V.O;. Coun- 
try rock at Mina Ragra comprises shale and thin- 
bedded limestone of Cretaceous age. These rocks 
were invaded by igneous dikes and were cut by num- 
erous faults. The ore minerals and associated ma- 
terial occupy a fracture and permeate the adjoining 
shale, forming a lens-shaped body, about 50 feet wide 
and several hundred feet long at the surface, which 
bottomed at a depth of about 250 feet. The high con- 
centration of vanadium in this deposit may be due 
to intensive distillation of the original asphaltite and 
perhaps to a local transfer of vanadium from the 
country rock by thermal solutions. 


DEPOSITS ASSOCIATED WITH 
ALKALIC IGNEOUS COMPLEXES 


The recently developed vanadium deposit at Wil- 
son Springs, Ark., is at the contact of the Potash 
Sulfur Springs alkalic intrusive complex (Hollings- 
worth, 1967). The vanadium ore, which contains 
about 1 percent V.O;, occurs as poorly defined 
bodies in irregular masses of argillic altered rock of 
both the igneous intrusion and the bordering sedi- 
mentary strata. For mining control, ore bodies are 
delimited by assaying samples; recognizable vanadi- 
um minerals are sparse. A similar deposit occurs at 
the contact of the nearby Magnet Cove alkalic com- 
plex (Reed, 1949). 

Because of the intensive alteration of the host 
rocks and deep weathering in the area, the genesis of 
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these deposits is not yet clearly established; ulti- 
mately, these deposits may be classified as either 
contact metasomatic or hydrothermal. But regard- 
less of the mode of concentration, the significant 
factor in the origin of these deposits may be their 
association with alkalic igneous complexes. Although 
this association has not been recognized by most 
students of the geochemical distribution of vanadi- 
um, anomalous amounts of vanadium are reported in 
analyses of samples from numerous alkalic igneous 
complexes in various parts of the world. Magnetite 
and titanium minerals, especially ilmenite, are com- 
mon in many alkalic intrusives, and vanadium is 
commonly associated with these minerals in the 
magmatic stage and to some extent in hydrothermal 
deposits. If these ideas are correct, alkalic intrusives 
should be searched more frequently for vanadium 
deposits. Exploration probably will be difficult, how- 
ever, for the vanadium probably will not occur in 
visually recognizable minerals. 


RESOURCES 

World resources of vanadium in known deposits 
are very large (Fischer, 1961). They amount to mil- 
lions of short tons V, representing hundreds of 
years’ supply at the current rate of consumption. 
Only a few known deposits, however, are rich 
enough in vanadium to be worked for this metal 
alone. Most of the vanadium resources are in de- 
posits from which vanadium is being, and will be, 
recovered as a coproduct or byproduct. Some pro- 
ductive sources contain only trace amounts of va- 
nadium, which is recovered only as a minor byprod- 
uct from waste materials. 


RESERVES IN PRODUCTIVE DEPOSITS 

Significant data on the major and most of the 
minor sources of vanadium in 1970 are summarized 
in table 147. This table shows the known reserves in 
certain deposits, and it also illustrates the diverse 
geologic materials from which vanadium can be re- 
covered and the ranges in grade of these materials, 
factors that are important in estimating future pro- 
duction and potential resources in unproductive 
deposits. 

POTENTIAL RESOURCES IN UNPRODUCTIVE 
DEPOSITS 

Large vanadium resources occur in known but un- 
productive deposits similar to those from which 
vanadium is being recovered. (In this discussion, 
“large” implies more than about 1,000,000 short tons 
V, “moderate” from about 100,000 to 1,000,000 short 
tons, and “small” less than about 100,000 short tons.) 
Large resources also occur in carbonaceous shale 
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TABLE 147.—Vanadium reserves in the principal sources of vanadium, 1970 


Reserves ! 
Country and Geologic type V205 Ore Principal 
deposit or of deposit Commodities grade (millions of Vanadium source of 
source or source recovered (percent) short tons) (short tons) data * 
United States: 
Colorado Plateau __- Sandstone __---- UV ines 2 eee) ee =£1°5 5 40,000 Griffith (1970). 
Wilson Springs, Ark.. Undetermined -_ V -------------__-____ il 5 30,000 Do. 
lick) ee Phosphate ~--_-- Pog Ga ee ee P= 83 (Large)  +*45,000 Do. 
South-West Africa: 
Otavi district _-.__-- Vanadate __-__-_ Cul Eb Zn eee oa 1.6 6,250 South West Africa 
Co., Ltd., Annual 
report, 1970. 
South Africa: 
Bushveld complex -- Titaniferous 1 \iit aes ee Eee eb PP) 2,000,000 Nel and Luyt (1964). 
magnetite. 
Finland: 
Otanmaki =2s224222— === doxee= = hee Ren iis Ve te Suk eee AT 55 140,000 Marelle (1970). 
Norway: 
Rodsand) Sas 2222=— =) 22 donee eae Mey Tippy Vi ee pee a) 11 31,000 Do. 
U.S.S.R.: 
Mountekachkanarc) = ===doye ==) == Be Vil ee. See .10-.12 13,500 8,000,000 Sokolov (1970). 
Chile: 
El] Romeral ___----- Nontitanitenrousma Liesl Vea eae Bel! 80 150,000 Alvarado (1970). 
magnetite. 
Canada: 
Oil refinery ___--_--_- Crude oil __---__ Petroleum products, V __ .02 (Large) ? DeHuff (1965). 
Mrances)® 2-2 oe iBatxate eee 5 Vee eee Se ee ee wl (Large) ? Taylor (1971). 
Mea ATI ceeeeweat sels. Eds 2 lima samc 2 Wi, W 222 ola (Large) ? DeHuff (1971). 


1]dentified deposits from which minerals can be extracted profitably with existing technology and under present economic conditions. 
2For additional information on the geology and resources of these deposits, see references cited by Fischer and Ohl (1970). 
% Vanadium estimated by Griffith (1970) that will be recovered from ferrophosphorus slags derived from making elemental phosphorus from Idaho 


phosphate rock during the 1965—2000 period 


4Marelle and Abdulla (1970) reported 200 million metric tons of measured, indicated, and inferred reserves and 1,800 million metric tons of po- 
tential ores, totaling 2,200 million short tons of total resources; if the average grade of this material is 1.7 percent V20s, as seems likely, the total 


vanadium resources amount to about 20,000,000 short tons V. 


5 Some vanadium may have been recovered from the titaniferous magnetite ores at Kusinkoe and Pervouralskoe and perhaps from other iron de- 


posits in the US.S.R. in 1970 (Polyakov, 1959). 


6 Some vanadium may also have been recovered from bauxite in other European countries. 


beds, from which vanadium has not been recovered 
commercially. But because many of these unproduc- 
tive deposits are not developed or even extensively 
explored, accurate resource appraisals are not possi- 
ble. Furtermore, many of the known but unproduc- 
tive deposits are not readily amenable to present 
metallurgical practices, and most of these deposits 
would yield vanadium only as a byproduct. For these 
reasons, it is not possible, except for a few deposits, 
to predict which ones are most likely to become pro- 
ductive in the foreseeable future. 

Titaniferous magnetite deposits in the United 
States contain large resources of vanadium; those in 
Alaska (Klemic, 1970; Wells and Thorne, 1953), 
Wyoming (Dow, 1961), and New York (Balsley, 
1943) are the larger and more promising ones. Large 
resources of the same type occur in Canada (Rose, 
1969, 1970), U.S.S.R. (Yudin and Zak, 1971; Soko- 
lov, 1970), Republic of South Africa (see footnote 
4, table 147), Australia (Jones, 1965; Daniels, 1967; 
Hockley, 1971), and perhaps mainland China (Nishi- 
waki, 1970; Hsing, 1959). Of the unproductive ti- 
taniferous magnetite deposits, those in the Singh- 
bhum area, Bihar and Orissa, India, seem to be the 
most favorable to yield vanadium as the principal 
product; ore reserves total about 20,000,000 tons and 


perhaps average about 2 percent V.O; (Roy, 1969). 
Vanadium might be recoverable from the deposits at 
Lake Sanford, N.Y., and Allard Lake and St. Urbain, 
Quebec, Canada, that are being mined for titanium. 

Nontitaniferous magnetite deposits being mined 
for iron ore at Buena Vista Hills, Nev. (Reeves and 
Kral, 1955; Radtke, 1962), and the Savage River 
area, Tasmania, Australia (Evoy, 1970), contain 
about 0.3-0.5 percent V.O;, about that in the deposit 
at El Romeral, Chile (table 147), from which va- 
nadium is being recovered. Vanadium resources in 
the deposits at Buena Vista Hills and Savage River 
are moderate. Although the vanadium content of the 
nontitaniferous magnetite deposits in the Kiruna and 
Gallivare districts, Sweden, is only 0.1-0.2 percent 
V.0;, these deposits contain a large resource of 
vanadium. 

During World War II, Germany recovered con- 
siderable vanadium from sedimentary ivon ores in 
northwestern Europe that contain only 0.02-0.2 
percent V.O, (Fischer, 1946). Although vanadium 
recovery from these ores presumably is not eco- 
nomically feasible under present conditions, the war- 
time operations show that recovery is technologically 
possible; hence, these deposits and similar ones quali- 
fy as a vanadium resource. The reserves of the 
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minette-type iron ores of northern France, Western 
Germany, and central England are large (Marelle, 
1970), and probably each area contains a moderate 
to large resource of vanadium. Three similar de- 
posits in the U.S.S.R.—Ayatskoe (0.1 percent V.O;), 
Lisakovskoe (0.1 percent V.O;), and Kerch (0.05 
percent V.0;) (Sokolov, 1970; Bardin, 1957)—each 
contain large iron-ore reserves (Sokolov, 1970) and 
moderate to large vanadium resources. Although va- 
nadium probably is not being recovered from these 
ores, Slotvinskii-Sidak and Liakishev (1970, p. 202) 
stated: “Large vanadium reserves are concentrated 
in the iron ores of Lisakovskoe, Kerchinskoe, Ayat- 
skoe, and other deposits. Thus, in projected amount 
of recovery of ores of the Lisakovskoe deposit, some 
tens of thousands of tons of vanadium pentoxide 
will be recovered in the iron concentrate (with 48— 
50 percent Fe and 0.15—0.25 percent V-.O;).” 


Magnetite and ilmenite sands commonly contain 
0.1-0.5 percent V.O.;; those rich in magnetite, es- 
pecially those derived from titaniferous magnetite 
deposits, are the ones generally richer in vanadium. 
Some of these sand deposits occur along streams, but 
most of them are on beaches. They occur in many 
parts of the world, and some of them contain large 
reserves of the black minerals and small to moderate 
resources of vanadium. Japan is recovering some 
vanadium from waste sulfuric acid derived from pro- 
ducing titanium dioxide from ilmenite sands (De- 
Huff, 1971). During World War II Japan recovered 
vanadium and titanium from magnetite-rich beach 
sand utilized principally as a source of iron. Perhaps 
the sand deposits that offer the greatest potential for 
vanadium production are those in New Zealand that 
are now being exploited for iron (Ridley, 1968). 
These deposits contain several hundred million tons 
of sand, the concentrates of which contain 53-60 per- 
cent Fe, 8-10 percent TiO., and 0.3-0.5 percent V.O; 
(Fyfe, 1952). 

Potential resources of vanadium in undiscovered 
deposits in sandstone in the Colorado Plateau region, 
United States, are probably small; likely they do not 
much exceed known reserves (table 147). Similar 
deposits of vanadium with uranium in sandstone are 
known in other parts of the United States and in 
some foreign countries, notably the U.S.S.R., Gabon, 
Argentina, and Australia, but generally these de- 
posits have a lower vanadium content than the va- 
nadium-rich deposits of the Colorado Plateau, and 
therefore they do not seem to offer a significant va- 
nadium potential. 

Occurrences of vanadate minerals are widespread, 
especially in arid parts of the world, but accumula- 


tions of these minerals in amounts necessary for 
mining are few; resources are judged to be negligi- 
ble compared to other geologic types of vanadium 
deposits. 

Many crude oils contain little or no vanadium, but 
some, especially the asphalt-base oils, contain up to 
several hundred parts per million V (Whisman and 
Cotton, 1971). Although it would hardly be conven- 
tional to classify an oil pool as a vanadium deposit, 
industrial and natural residues of petroleum are, 
nevertheless, commercial sources of vanadium and 
they might become more significant sources in the 
future. Vanadium is recovered from the ash and soot 
of oil-burning furnaces and from refinery residues; 
pollution-control practices may enhance the chance 
of recovery from these sources in the future. The 
recovery of vanadium from the residue of refining 
Athabaska tar sand, Alberta, Canada, has been pro- 
posed (Oil and Gas Journal, 1967) ; although these 
sands contain only about 240 ppm V, the quantity of 
material being processed could yield annually about 
a quarter of the current North American vanadium 
requirements. Similar deposits, if exploited for 
petroleum products, could also be sources of vanadi- 
um. The vanadium-bearing asphaltite deposit at 
Mina Ragra, Peru, was the richest vanadium deposit 
known, and it had yielded about one-fourth of the 
world’s total vanadium output by the time it was 
mined out in 1955. No other sizable asphaltite deposit 
of comparable grade is known, but many deposits 
containing about 1 percent V.O; have been reported, 
especially in Peru (Larson and Welker, 1947) and 
Argentina (Wright, 1940). 

Certain carbonaceous shales, oil shales, phos- 
phatic shales, and graphitic schists contain 0.2 to 
nearly 1 percent V,0;; higher grade samples are 
also reported. Some of the vanadium-bearing shale 
deposits are tens of feet thick and cover broad areas 
—obviously these deposits contain enormous ton- 
nages of rock and represent large resources of va- 
nadium. References to many carbonaceous shale 
deposits are given by Tourtelot (1970) and by 
Fischer and Ohl (1970). Notable examples of these 
shales occur in Idaho and adjoining States (Fischer, 
1961), in Kazakhstan, U.S.S.R. (Ankinovich, 1961), 
in the high Andes of Peru (Larson and Welker, 
1947), and in Queensland, Australia (Taylor, 1971). 


PROSPECTING TECHNIQUES 
The basic tools for prospecting for vanadium are 
a knowledge of the geologic types of deposits in 
which vanadium is apt to occur and a knowledge of 
the geologic habits and mineral associations of such 
deposits. The vanadium ore minerals in the vana- 
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date deposits and in the deposits in sandstone are 
visually recognizable in the field, and of course the 
presence of associated uranium in the sandstone 
deposits is readily detected by its radioactivity. The 
presence of vanadium in iron deposits much be de- 
termined by analysis, even though the principal ore 
minerals in these deposits can be recognized visual- 
ly. Analyses are also generally needed to detect the 
presence of vanadium in phosphate rock, carbon- 
aceous shale, and asphaltite, although in places 
recognizable vanadium minerals develop on the 
weathered outcrops of these deposits. Generally, va- 
nadium is not amenable to geochemical exploration 
techniques of sampling soils and stream sediments, 
as are the base metals and some other metals, be- 
cause vanadium is not so readily soluble and because 
it has a high background content in many types of 
rocks. 


PROBLEMS FOR RESEARCH 


The demand for vanadium is expected to increase 
appreciably. World resources of vanadium are very 
large, but most of the raw materials containing these 
resources will yield vanadium only as a byproduct, 
commonly a minor one, and so output of vanadium is 
largely dependent on the requirements for other 
commodities and on technological practices that 
permit the recovery of small amounts of vanadium. 

Domestic requirements for vanadium are expected 
to exceed domestic output. In order to avoid de- 
pendence on foreign supplies, new vanadium deposits 
must be found or the means must be developed to 
recover byproduct vanadium profitably from known 
sources. Potentially recoverable vanadium is cur- 
rently being lost from some operations that mine 
magnetite and phosphate rock and some that refine 
or burn crude oil. 
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ABSTRACT OF CONCLUSIONS 


Zeolites are among the most common authigenic silicate 
minerals in sedimentary rocks; they occur in rocks that are 
diverse in age, lithology, and depositional environment. 
Zeolites are particularly common in Cenozoic sedimentary 
rocks that originally contained abundant silicic vitric ma- 
terial. Most zeolites in sedimentary rocks formed during 
diagenesis by the reaction of volcanic glass with interstitial 
water which originated as either meteoric water or connate 
water of a saline, alkaline lake. Although about 20 different 
zeolites have been reported from sedimentary rocks, only 
analcime, chabazite, clinoptilolite, erionite, ferrierite, heu- 
landite, laumontite, mordenite, and phillipsite commonly 
make up the major part of zeolitic rocks. Nearly monominer- 
alic beds of zeolites are known, but most zeolite rocks also 
contain clay minerals, silica minerals, and feldspars of 
authigenie origin. 

Production of natural zeolites in the United States is 
currently only several hundred tons per year. The abundance 
and variety of zeolite deposits in the United States, the 
unique properties of the zeolites, and the seemingly low 
cost of mining suggest potential uses in many industrial and 
agricultural processes. Chemical and structural modifica- 
tions of the natural materials could further increase their 
potential. When new markets for zeolites are developed, the 
United States will not only be self-sufficient but will prob- 
ably become a major exporter. 


The total of identified, hypothetical, and speculative re- 
sources of zeolites in the United States is conservatively 
estimated at more than 10 trillion tons. Total resources of 
zeolites in the rest of the world have not yet really begun to 
to be cataloged. 


INTRODUCTION 


Zeolites—crystalline hydrated aluminosilicates of 
the alkalis and alkaline earths—are important rock- 
forming constituents in sedimentary rocks and are 
potentially valuable industrial minerals. They have 
a framework structure that encloses interconnected 
cavities occupied by the relatively large cations and 
water molecules. The cations, chiefly sodium, potas- 
sium, and calcium, and the water have considerable 
freedom of movement within the structure and give 
the zeolite their cation-exchange and reversible- 
dehydration properties. Some zeolites have essential 
contents of barium, strontium, or magnesium. The 
basic structure of all zeolites consists of (Si,Al)0O, 
tetrahedra wherein each oxygen is shared between 
two tetrahedra; thus, the atomic ratio O: (Si+-Al) 
is 2. The net negative charge of the structure is 
balanced by the cations. The porous framework of 
the zeolites enables them to act as molecular sieves 
for the separation of molecular mixtures according 
to the size and shape of the molecular compounds. 

More than 30 distinct species of zeolites occur in 
nature. Numerous zeolites have also been synthe- 
sized, but many of these have no natural counter- 
parts. Most zeolites have a specific gravity of 2.0— 
2.3 and indices of refraction of 1.44-1.52. Zeolites 
rich in barium or strontium commonly have higher 
specific gravities and indices of refraction. Because 
the zeolites have similar physical properties, X-ray 
diffraction techniques are generally used for identi- 
fication. 

Synthetic zeolites have been produced commer- 
cially in the United States since the early 1950's. 
These synthetic zeolites are used principally as cata- 
lysts, selective sorbents, and desiccants; they are 


U.S. GEOL. SURVEY PROF. PAPER 820 


689 


690 UNITED STATES MINERAL RESOURCES 


now utilized in about 90 percent of the petroleum 
catalytic cracking installations and have greatly 
increased the recovery of gasoline. Natural zeolites, 
however, have found only limited use in this country. 
Clinoptilolite is used to remove cesium from radio- 
active wastes (Brown, 1962), and chabazite is used 
to desiccate mildly acidic natural gas. Zeolitic tuff 
has been used as a pozzolan in cement. 

In Japan, on the other hand, zeolites have been 
extensively mined and utilized since their discovery 
there in sedimentary deposits in 1949. Clinoptilolite 
and mordenite are the only zeolites currently mined 
in Japan, and they are utilized chiefly in the fields 
of agriculture and animal husbandry. Minato and 
Utada (1969) described the following uses: Desic- 
cant for gases, separator of oxygen from air, adsorb- 
ent for obnoxious odors in farm yards, filler and 
whitening agent for paper, and a soil conditioner to 
increase the effectiveness of chemical fertilizers. 
More clinoptilolite is mined in Japan for the last 
use listed than for any of the others. 

Some of the natural zeolites may find applications 
in pollution control. For example, laboratory and 
pilot-plant studies by Pacific Northwest Laboratory, 
Battelle Memorial Institute, Richland, Wash. (Mer- 
cer and others, 1970), indicate that clinoptilolite is 
effective in the removal of ammonia from waste- 
water. Also, recent studies suggest that mordenite 
may be suitable for the removal of SO. from stack 
gases. 

The United States is self-sufficient with respect 
to the present fledgling zeolite industry. Because of 
the large potential zeolite resources and the diverse 
zeolite mineralogy, the United States will not only 
remain self-sufficient when new markets develop but 
will probably become a major exporter. 


EXPLOITATION 


Production figures have not been published for 
natural zeolites in the United States; however, small 
tonnages were mined from upper Cenozoic tufts. 
Several hundred tons of chabazite, clinoptilolite, and 
erionite have been mined each year since the mid- 
1960’s; the mined deposits are near Bowie, Ariz., 
near Hector, Calif., and in Jersey Valley, Nev., re- 
spectively. 

Exploration and sampling of bedded zeolite de- 
posits by commercial organizations have been active 
since the late 1950’s in Arizona, California, Nevada, 
Oregon, Texas, and Wyoming. The exploration 
peaked in the early 1960’s, when the search con- 
centrated on natural molecular-sieve zeolites that 
might compete with the synthetic zeolites. Since 
1970, exploration has accelerated again. This time 


the emphasis is on the location of zeolite deposits 
suitable for pollution-control processes. 

Japan is probably the world’s leading producer of 
natural zeolites. Since the mid-1960’s, Japan has had 
an annual production of about 100,000 tons. About 
half of this production is from one mine, at Itaya, 
Honshu. Clinoptilolite and mordenite are the only 
zeolites currently mined in Japan. 


GEOLOGIC ENVIRONMENT 


Zeolites have been known since the mid-1750’s, 
and they occur in rocks that are diverse in age, 
lithology, and geologic setting. Zeolites have been 
recognized in sedimentary deposits since 1891, when 
Murray and Renard (1891) described phillipsite in 
deep-sea deposits. Prior to the early 1950’s, however, 
most zeolite occurrences were reported from frac- 
tured fillings and vesicle fillings in igneous rocks, 
particularly in basaltic rocks. Most of the large 
attractive zeolite specimens in museum collections 
were obtained from igneous rocks. In recent years, 
zeolites have been recognized as important rock- 
forming constituents in low-grade metamorphic 
rocks and in a variety of sedimentary rocks (Hay, 
1966). The zeolites in sedimentary rocks are very 
finely crystalline and do not appeal to mineral col- 
lectors; however, deposits of this type are volumi- 
nous and have great economic potential. The re- 
mainder of this chapter summarizes those zeolite 
resources in sedimentary deposits. 

Of the more than 400 published reports that de- 
scribe zeolites in sedimentary rocks throughout the 
world, more than 75 percent were published in the 
last dozen years. The factors chiefly responsible for 
this recent surge of reports are (1) the widespread 
use of X-ray powder diffraction techniques in the 
study of fine-grained sedimentary rocks, (2) the 
exploration for zeolite deposits suitable for com- 
mercial use, and (8) the early review papers by 
Coombs, Ellis, Fyfe, and Taylor (1959) and Def- 
feyes (1959), both of which emphasized the wide- 
spread and relatively common occurrences of dia- 
genetic or authigenic zeolites in sedimentary rocks. 

Zeolites are among the most common authigenic 
silicate minerals that occur in sedimentary rocks, 
and they have formed in sedimentary rocks of di- 
verse lithology, age, and depositional environment. 
Those zeolites given in table 148 have been reported 
from sedimentary rocks; however, some, such as 
faujasite, gismondine, gonnardite, scolecite, and 
thomsonite, generally occur in trace amounts and are 
rarely reported. Only nine zeolites commonly make 
up the major part of zeolitic rocks. These are anal- 
cime, chabazite, clinoptilolite, erionite, ferrierite, 
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TABLE 148.—Zeolites reported from sedimentary rocks 


Zeolite Formula 
ARMENCHING 26255455555 55= NaAlSi.Oce H.O 
Chabazite === == ae (Ca,Naz) Al:Sis012°6H2O 
Clinoptilolite SS os (Naz,K2,Ca) 3Ale SigoO;2° 24H.O 
Epistilbite SR ee ey + (Ca,Naz) sAleSinsOss° 16H2O 
yrionite: 22s seers” (Naz, Ke,Ca) 4.5, AlsSiz;072°27HO 
Faujasite ae ee oe ee (Naz,Ca) 1.75Als.59is.502.° 16H2O0 
Ipleremermniq (boo eee ( K,Na) 2 ( Mg,Ca) 2 AlsSizoO72° 18H:0 
Gismondine ______--_-~_-. (Ca,Naz,Ke) sAlsSisOzo° 16H.O 
Gonnarditepss == ea Na,CaAliSicO2°5H.O 
Harmotome 222-22 =-————. (Ba,Naz) 2A],Si20s2°12H2O 
Heulandite ____- -- (Ca,Naz)sAlsSizs072° 2420 
Laumontite __ ~~.CasAl:Sin0i°16H2O 
Mordenite __-- __.(Naz,K»,Ca) AleSinO24°7H2O 
INGROlILey ee en Na, Al,SisO2.°4H20 
Bhnllipsiteme=_222= 52 =: (Ko,Naz,Ca) 2AlSiv0s°12H20 
Scolecite = 522 sas ee, CazAl,SisO2°6H20 
Sisllotvs ae (Ca,Naz) sAlsSizsO72°28H2O0 
Rhomsonite” =2==222222=—" NaCa,Al;Sis02°6H20 
Wratrakiteyo. S2- = 82 2 fae: CaAl.SisOi222H20 
Wnsaweralitt) tos2cossee: CaAl.SisO10°4H2O0 


heulandite, laumontite, mordenite, and phillipsite. 
Analcime and clinoptilolite are by far the most 
abundant zeolites in the sedimentary rocks. All nine 
of these common zeolites in sedimentary rocks show 
a considerable range in Si: Al ratios and cation con- 
tents. Except for heulandite and laumontite, they 
are generally alkalic and more siliceous than their 
counterparts that occur in mafic igneous rocks. Sum- 
maries of their chemistry are given by Deer, Howie, 
and Zussman (1963), Hay (1966), Sheppard (1971), 
and Utada (1970). 

Most zeolites in sedimentary deposits formed after 
burial of the enclosing sediments by the reaction of 
aluminosilicate materials with the pore water. Silicic 
voleanic glass is the aluminosilicate material that 
most commonly served as a precursor for the zeo- 
lites, although materials such as clay minerals, feld- 
spars, feldspathoids, nad gels also have reacted 
locally to form zeolites. Hay (1966) showed that 
authigenic zeolites and associated silicate minerals 
can be correlated with the following factors: (1) 
composition, grain size, permeability, and age of the 
host rocks, (2) composition of the pore water includ- 
ing pH, salinity, and proportion of dissolved ions, and 
(3) depth of burial of the host rock. Except for 
laumontite and possibly some heulandite, the com- 
mon zeolites generally occur in tuffaceous sedi- 
mentary rocks that have not been deeply buried or 
exposed to hydrothermal solutions. 

Classification of the diverse zeolitic sedimentary 
rocks is difficult, but the following tenuous classifi- 
cation is based on geologic setting and is offered as 
a basis for further discussion: (1) hydrothermal, 
(2) burial metamorphic, (3) weathering, (4) open 
system, and (5) closed system. The hydrothermal 
type includes those zeolites associated with metallic 
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deposits such as those at the East Tintic district, 
Utah (Lovering and Shepard, 1960), and especially 
with hot-spring deposits. Well-known examples of 
the latter are at Yellowstone National Park, Wyo. 
(Fenner, 1936; Honda and Muffler, 1970), Wairakei, 
New Zealand (Steiner, 1953, 1955), and Onikobe, 
Japan (Seki and others, 1969). Zeolites of geother- 
mal areas commonly show a vertical zonation, and 
the downward succession of mineral assemblages 
seems to correlate with an increase in temperature. 
At Wairakei and Onikobe, for example, the down- 
ward succession is characterized by mordenite, lau- 
montite, and then wairakite. 

Zeolites of the burial metamorphic type were 
originally recognized by Coombs (1954) in Triassic 
sedimentary rocks of the Southland syncline, New 
Zealand. Coombs, Ellis, Fyfe, and Taylor (1959) 
demonstrated a vertical zonation of mineral assem- 
blages that is characterized by a downward succes- 
sion of clinoptilolite-heulandite-analcime, laumon- 
tite-albite, and then prehnite-pumpellyite-albite. 
Rocks rich in prehnite and pumpellyite commonly 
grade downward into rocks typical of the green- 
schist metamorphic facies. Locally, a zone rich in 
wairakite occurs between the laumontite-albite and 
prehnite-pumpellyite-albite zones or overlaps these 
zones. The zeolites and associated silicate minerals 
of the burial metamorphic type commonly occur in 
marine volcaniclastic strata that are more than 
10,000 feet thick and locally are as much as 40,000 
feet thick. The vertical succession of mineral assem- 
blages is one of decreasing hydration with depth and 
is generally thought to be temperature dependent ; 
however, chemical variables may prove to be equally 
important. Besides occurrences in New Zealand, zeo- 
litic rocks of the burial metamorphic type have been 
recognized in Australia (Packham and Crook, 1960), 
Puerto Rico (Otalora, 1964), U.S.S.R. (Kossovskaya 
and Shutov, 1963), Japan (Seki, 1969; Utada, 1970), 
British Columbia, Canada (Surdam, 1968), and the 
United States. Laumontite-bearing rocks of the 
burial metamorphic type occur in central Oregon 
(Dickinson, 1962; Brown and Thayer, 1963), in 
Mount Rainier National Park, Wash. (Fiske and 
others, 1963), and near Cache Creek, Calif. (Dick- 
inson and others, 1969). 

Zeolites of the weathering type are volumetrically 
rather minor, but many deposits have probably been 
overlooked. Analecime was recently reported from 
alkaline, saline soils of the eastern San Joaquin 
Valley, Cailf. (Baldar and Whittig, 1968). The anal- 
cime was detected to a depth of about 4 feet, and 
its abundance decreased with depth. Hay (1963a) 
recognized analcime, chabazite, natrolite, and phil- 
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lipsite in alkaline, saline soil profiles at Olduvai 
Gorge, Tanzania. Surface concentrations of analcime 
were also reported in reddish, root-marked claystones 
on the Luboi Plain, Kenya (Hay, 1970). 

The most voluminous and potentially valuable zeo- 
lite deposits belong to the open- and closed-system 
types. The terms, “open system” and “closed sys- 
tem,” are used in a hydrologic sense rather than in 
a thermodynamic sense. Deposits of the open-system 
type formed by the reaction of volcanic glass with 
subsurface water that originated as meteoric water. 
The original voleanic material commonly was de- 
posited in marine or fluviatile environments or was 
air laid on the land surface. Deposits of the closed- 
system type formed by the reaction of volcanic glass 
with the connate water trapped during sedimenta- 
tion in a Saline, alkaline lake. 

Deposits of the open-system type commonly 
formed in thick tuffaceous strata and show a ver- 
tical zonation of authigenic silicate minerals. Hay 
(1968b) proposed hydrolysis and solution of silicic 
glass by subsurface water to account for the forma- 
tion of clinoptilolite in tuff and tuffaceous claystone 
in the lower part of the Tertiary John Day Forma- 
tion in central Oregon. The upper part of the forma- 
tion contains unaltered glass or montmorillonite. 
The authigenic mineral zonation is more complex 
in the Tertiary tuffs at the Nevada Test Site (Hoo- 
ver, 1968). An upper zone consists of unaltered 
glass with local concentrations of chabazite and clay 
minerals. Zeolitic tuff continues downward for as 
much as 6,000 feet and is characterized by a down- 
ward succession of zones rich in clinoptilolite, mor- 
_ denite, and then analcime. The zeolite zones of the 
open-system type commonly cut across stratigraphic 
boundaries. 

Zeolite deposits of the closed-system type formed 
during diagenesis in alkaline, saline lakes, com- 
monly of the sodium carbonate-bicarbonate variety. 
Brine of this composition generally has a pH greater 
than 9, which probably accounts for the relatively 
rapid solution of vitric material and precipitation of 
zeolites. The authigenic silicate mineralogy can be 
correlated with the salinity in deposits of the closed- 
system type. The Pleistocene deposits of Lake Te- 
copa, Calif. (Sheppard and Gude, 1968), are char- 
acteristic of the closed-system type. Vitric material 
is unaltered or partly altered to clay minerals in 
tuff deposited in fresh water near the lake shore and 
inlets; however, the tuffs consist of zeolites where 
deposited in moderately saline water and of potas- 
sium feldspar where deposited in the highly saline 
and alkaline water of the central part of the basin. 
Thus, individual tuffs show a lateral zonation in a 
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basinward direction of unaltered glass to zeolites 
and then to potassium feldspar. Zeolitic tuffs at 
Lake Tecopa consist chiefly of phillipsite, clinop- 
tilolite, and erionite. Chabazite is a minor consti- 
tuent of tuffs at Lake Tecopa, but it is locally the 
major constituent in zeolitic tuffs of other saline 
lacustrine deposits. In some deposits of the closed- 
system type, such as the Miocene Barstow Forma- 
tion of California (Sheppard and Gude, 1969) and 
the Eocene Green River Formation of Wyoming 
(Surdam and Parker, 1972) a zone of analcime sepa- 
rates the other zeolites from the zone of potassium 
feldspar. In addition to clay minerals, zeolites, and 
potassium feldspar, deposits of the closed-system 
type locally contain opal or chalcedony, searlesite 
(NaBSi.0,°H.O), fluorite (CaF.), or dawsonite 
(NaAl(CO;) (OH).) of authigenic origin. 


PROSPECTING TECHNIQUES 


Prospecting for bedded zeolite deposits is difficult 
because the zeolites are finely crystalline and resem- 
ble bedded diatomite, feldspar, or bentonite in the 
field. Zeolitic tuffs generally have an earthy luster 
and are resistant. Although some zeolitic tuffs are 
pastel shades of yellow, brown, red, or green, many 
are white or pale gray. If the zeolitic tuff is nearly 
monomineralic, certain gross physical properties of 
the rock may aid field recognition (Sheppard and 
Gude, 1969, p. 17-18). Utilizing the ion-exchange 
and molecular-sieve properties of zeolites, Helfferich 
(1964) designed a “field” test for the recognition 
of zeolites. Helfferich’s test distinguishes zeolites 
from clay minerals, feldspars, and volcanic glass, 
but the test will not identify the zeolite species. My 
experience with Helfferich’s test suggests that it is 
better suited to the laboratory than to the field. 

X-ray powder diffraction analysis of bulk samples 
is the technique generally used for identification of 
the zeolites in sedimentary rocks. This method also 
permits a semiquantitative estimate of the abund- 
ance of zeolites and associated minerals in the sam- 
ples. Tuffaceous strata are sampled, and then the 
samples are brought to the laboratory for examina- 
tion by X-ray diffraction. Fresh tuff is generally 
distinguishable from altered tuff in the field, so only 
the altered parts of the tuffaceous rocks are sampled 
in both vertical and lateral directions. Once zeolites 
have been identified by X-ray diffraction, an addi- 
tional detailed sampling is necessary to ascertain 
the distribution and abundance of the zeolites and 
associated authigenic minerals. Inasmuch as the 
samples must be returned to the laboratory for X-ray 
study, the availability of a truck-mounted X-ray 
diffractometer unit, suitable for field use, would 


ZEOLITES 


facilitate the location of favorable targets and pro- 
vide a guide for a meaningful sampling program. 


POTENTIAL RESOURCES 


Evaluation of zeolite resources is hampered by 
the paucity of data on the extent and grade of the 
identified deposits. Although more than 100 occur- 
rences of zeolites in sedimentary rocks of the United 
States have been recorded (Sheppard, 1971), infor- 
mation such as the grade, mineralogy, and vertical 
and lateral extent of the zeolitic rock and the thick- 
ness of overburden are lacking except for several 
deposits. The occurrence of zeolites in a certain sedi- 
mentary unit is commonly recognized from the ex- 
amination of only one sample. Nevertheless, very 
large tonnages of zeolitic tuff of high purity are 
known from the Cenozoic deposits of the Western 
United States and the Gulf Coastal Plain. 

The only published estimate of zeolite resources 
in the United States was made by Deffeyes (1968), 
who estimated that about 120 million tons of clinop- 
tilolite, chabazite, erionite, mordenite, and phillipsite 
occur in near-surface deposits of the Basin and 
Range province. This estimate is probably conserva- 
tive for the zeolite deposits of the Basin and Range 
province, and the potential zeolite resources of the 
United States is probably several orders of magni- 
tude greater. If the restraints of grade and depth 
of overburden are ignored, the total of identified, 
hypothetical, and speculative zeolite resources in the 
United States is conservatively estimated at 10 tril- 
lion tons. The nine common zeolites listed in ap- 
proximate order of decreasing abundance are 
clinoptilolite (including heulandite), analcime, mor- 
denite, erionite, phillipsite, chabazite, laumontite, 
and ferrierite. The United States probably has the 
world’s largest potential resources of high-grade 
chabazite, erionite, and phillipsite. The only high- 
grade deposits of ferrierite in the world have been 
reported from central Nevada (Regis, 1970). 

If an estimate of zeolite resources in the United 
States is difficult to make, a meaningful estimate of 
zeolite resources for the other countries of the world 
is impossible to make. Zeolites have been reported in 
sedimentary rocks from many other countries, and 
their occurrences were summarized by Hay (1966) 
and Iijima and Utada (1966). However, no resource 
estimates have been published. In addition to the 
foreign zeolite deposits mentioned in these sum- 
maries and those foreign deposits mentioned pre- 
viously in this chapter, apparently extensive and 
relatively high grade zeolite deposits occur in France 
(Estéoule and others, 1971), Germany (F. A. Mump- 
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ton, written commun., 1972), Italy (Sersale, 1960; 
Alietti and Ferrarese, 1967; Alietti, 1970), Yugo- 
slavia (Stojanovic, 1968), Hungary (Nemecz and 
Varju, 1962), and Bulgaria (Alexiev, 1968). Most of 
the occurrences are in Cenozoic tuffaceous rocks, 
and the major zeolite is clinoptilolite. 

Additional deposits of zeolites will undoubtedly be 
discovered in the Western United States and in other 
countries of the world. Zeolites can form from a 
variety of aluminosilicate materials during diagene- 
sis, providing the interstitial water has a relatively 
high pH and high concentration of alkalis. The 
purest zeolite deposits, however, form from volcanic 
ash that lacks crystal and rock fragments. In the 
Western Hemisphere, zeolites have not been reported 
from countries south of the United States except 
Argentina. An examination of upper Mesozoic and 
Cenozoic tuffaceous rocks will probably reveal large 
zeolite deposits in Mexico and many of the countries 
of Central America and western South America. 
Future exploration will also probably identify bedded 
zeolite deposits in the volcanic terranes of southern 
Europe, eastern Africa, and southern Asia. 


RESEARCH NEEDED 


The genesis of zeolites in sedimentary rocks is 
understood in general terms; however, several prob- 
lems merit additional study. Phillipsite and clinop- 
tilolite are the chief zeolites in young deep-sea 
deposits, but the relative importance of the pre- 
cursor materials and the interstitial fluids in their 
formation is unknown. Tuffs of originally rhyolitic 
composition in deposits of alkaline, saline lakes char- 
acteristically contain a variety of zeolite minerals, 
but the factors that control which particular zeolite 
forms are poorly understood. Low-temperature ex- 
perimental studies combined with studies of the zeo- 
lites and associated interstitial fluids in Holocene 
tuffs presently undergoing alteration may provide 
some answers. Another problem that warrants inves- 
tigation is the relationship of the chemistry of a 
certain zeolite species to the geologic setting of the 
host rock. 

Other research of a technological nature that de- 
serves consideration is (1) development of tech- 
niques for the separation of zeolites from the gangue, 
(2) development of techniques for the separation of 
one zeolite from another, and (3) chemical or struc- 
tural modifications of natural zeolites to increase 
their usefulness. Natural zeolites or zeolitic rocks 
will undoubtedly be used in many industrial and 
agricultural processes; however, additional applied 
research is necessary to achieve these goals. 
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ABSTRACT OF CONCLUSIONS 

Zine, a ubiquitous minor element in the earth’s crust, has 
been used industrially for many centuries, at first only as an 
alloy component, later as the metal and as a component of 
chemical compounds. Today it stands, in tonnage produced, 
as the fourth most important metal in world trade. About 
150 million metric tons has been used since the beginning of 
the 19th century, and projected growth rates suggest that 
this amount will more than double by the end of the 20th 
century. Current annual world production exceeds 5 million 
metric tons. Of this tonnage the United States produces 
about 9 percent, but it consumes more than three times the 
amount it produces. World resource estimates indicate that 
recoverable identified resources (that is, reserves) are about 
235 million metric tons, of which 45 million is in the United 
States. Total world identified and undiscovered zine resources 
are estimated at over 5 billion metric tons, about one-tenth 
of which is in ores of grade sufficient to be exploitable under 
existing economic conditions. Zinc is produced from mines 
in more than 40 countries on all continents except Antarctica: 
six leading countries— Canada, Russia, United States, Peru, 
Mexico, and Australia—produce more than 60 percent of the 
world’s total. 

The resource potential of zinc suggests that several hun- 
dred million tons of contained metal are in conventional de- 
posits that await discovery by conventional search techniques 
and improvement of recovery methods; these conventional 
resources are dominated by the massive sulfide ores in meta- 
morphic rocks, in which zine occurs chiefly with copper and 
lead, and by the stratabound deposits in carbonate rocks, in 
which lead is an essential coproduct and cadmium a signi- 
ficant byproduct. Potential resources in both conventional 
and unusual deposits are estimated in the billions of tons; 
these include both low-grade and higher grade deposits for 
which new recovery methods must be developed before they 
can be exploited, such as the Kupferschiefer in Europe, the 
base metal-rich muds deposited from hot brines in Red Sea 
deeps, and the lead- and zinc-bearing manganese nodules on 
the Pacific sea floor. The concept that zine can be concen- 
trated in the geochemical environments of tropical and per- 
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haps semitropical laterites, both modern and ancient, offers 
considerable promise for the discovery of significant high- 
grade tonnages of shallow nonsulfide ores that can be worked 
by large-scale open-pit methods. Such ores are of interest 
also because they do not contribute to sulfur emission prob- 
lems during reduction. 


INTRODUCTION 


Zine is necessary to modern living and, in tonnage 
produced, stands fourth among all metals in world 
production—being exceeded only by iron, aluminum, 
and copper. Elemental zine is a bluish-white metal 
when freshly cast and has a specific gravity of 7.13. 
Its melting and boiling points are 419°C and 906°C, 
respectively. It alloys readily with other metals and 
is chemically active as well. On exposure to air it 
develops a thin protective impervious gray oxide 
film, an important characteristic in its use. Most 
commercial zinc is produced in the metallic form 
called slab zinc and comes from the smelter in 
various sizes and shapes. Some zinc concentrates 
are converted directly to zine oxide for use as such. 
Primary slab zine is prepared in several grades 
depending on impurities, ranging from Prime West- 
ern with a minimum zine content of 98.0 percent to 
Special High Grade with a minimum zinc content of 
99.99 percent. The impurities are chiefly lead, iron, 
and cadmium; trace quantities of copper, tin, and 
aluminum may also be present. 

Zine is utilized chiefly in the automobile, house- 
hold appliance, and hardware industries. The metal 
has three major uses: (1) for zinc-base alloy die 
castings, (2) for galvanizing iron and steel prod- 
ucts, and (3) in the manufacture of the copper-zinc 
alloy, brass. In the United States, these three uses 
account for about 90 percent of the total consump- 
tion. Other important uses are as rolled zinc metal 
and in the preparation of zinc compounds for the 
manufacture of a variety of industrial products— 
for example, zinc oxide in rubber and in paints. 
(See tables 149-151.) Possible substitutes for zinc 
in die casting are magnesium and aluminum, par- 
ticularly if a weight limitation is important. Plas- 
tics are also competing in the die-casting field as 
metal-on-plastic plating techniques are being per- 
fected. Aluminum is being substituted for galvanized 
sheet steel in the light-construction industry, but 
there appears to be no satisfactory alternate to zinc 


TABLE 149.—Consumption of zinc, in short tons, in the United 
States, 1969 


Slab yin Cee a = ea Set 1,368,323 
Ores (recoverable zine content) ______________ 126,712 
Secondary (recoverable zine content)* ________ 302,075 

Dota lys. Sesser. es) soe ety Ds 1,797,110 


1 Excludes redistilled slab and remelt zinc. From Moulds, (1969, p. 1159, 
table 15). 


for the large tonnages used for the corrosion pro- 
tection of the wide variety of iron and steel products 
needed by modern civilization. Heindl (1970) gave 
additional information on the uses of zine and its 
place in industry. 


TABLE 150.—Slab zine consumption, in short tons, in the 
United States, by industry uses 
[NA, not available] 


Industry and product 1965 1969 
Galvanizing: 
Sheetwand str pees== === 270,826 251,625 
Wire and wire rope __-______ 43,884 32,348 
Mubeswands pipes y= 63,224 65,898 
Fittings (for tubes and pipes) 8,641 11,418 
Tanks and containers ~____-- NA 5,561 
Structural shapes __----_-_-_ NA 19,454 
astenérs)22)— 2 -= sae eee eS NA 5,536 
Pole-line hardware __-______ NA 9,409 
Fencing, wire cloth, and 
netting 225 25 ee NA 17,984 
JoObwralyanizin se 51,011 NA 
Other and unspecified uses __- 44,835 57,091 
TO tale se eae re eras 482,421 476,324 
Brass products: 
Sheet, strip, and plate _____ 58,864 90,777 
Rodmand ewe a= eee 45,510 56,989 
Tube: cess bes ee cae sk Jae 10,030 10,928 
Castings and billets ~_______ 3,050 5,958 
Copper-base ingots ----_~_-- 7,402 13,642 
Other copper-base products __ 1,992 1,175 
Total Sse eee see 126,848 179,469 
Zine-base alloy: 
Diecasting alloy 629,809 565,839 
Dies) and rod alloyse2===— = 535 504 
Slush and sand casting alloy__ 7,626 10,048 
otal == eee 637,970 576,391 
Rolled! (zine? 22 == eee ee 45,882 48,650 
ZAC O XAG Cee ee 25,781 41,447 
Other uses: 
Wetvbatteries 22> 1,188 1,536 
Desilverizing lead ~-------~-- 2,444 3,957 
Light-metal alloys ~--------- 8,124 7,562 
Other2 eke yo wes eee Cae 23,434 32,987 
Total =o a ee 35,190 46,042 
Grand total 1,354,092 1,368,323 


1JIncludes zinc used in making zine dust, bronze powder, alloys, chemi- 
cals, castings, and miscellaneous uses not elsewhere mentioned. From 
Moulds (1969, p. 1160, table 16). 


TABLE 151.—Distribution of zine oxide and leaded zinc oxide 
shipments, in short tons, by industries 


[W, withheld to avoid disclosing individual company confidential data; 
included with “Other’’ Data from Moulds (1969, p. 1162, table 22) ] 


Industry 1965 1969 
Zine oxide: 
Rubber 222 525.42 8Ss= sass es 103,057 115,988 
Paints, 22=-_ ===. eee 30,249 25,170 
@eramics) (22222 =--2 2-22 —— 10,009 9,469 
Chemicals 2 11,365 22,775 
Xo ri Culture een 977 4,007 
Bhotocopyin se WwW 27,566 
Hilcomacoverin pee 363 WwW 
Otherige:-2 i hh os be 30,550 14,748 
Total, 2262322 5525 sasha 186,570 219,723 
Leaded zine oxide: 
Paints ge ae eee 10,951 4,905 
Rubber22==2=—---sseeeee see 2.051 
Other and unspecified _______- ehh 205 
Total! sone aoe eae 11,850 6,956 
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EXPLOITATION 

The zine industry of modern times began with the 
smelting of the metal at Liege, Belgium, in 1806. 
Historically, however, zinc was an alloy constituent 
long before it was used in its purer metallic form. 
Brass was known to the Greeks and Romans, prob- 
ably from about the 2d century before the Christian 
era, and was produced by melting copper with zinc 
minerals. The identity of zine as a distinct metal 
was not known in the western world until the Middle 
Ages when it began to be imported from China and 
India. Ensuing centuries saw increasing amounts 
imported by Europeans until finally the technology 
itself was brought from China to England in about 
1730. 

Belgium and Germany were the chief zinc- 
producing countries during the 19th century and 
produced about 70 percent of the century’s smelter 
output. The first zinc produced in the United States 
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was smelted at the Government Arsenal in Wash- 
ington, D.C., using ore from Franklin Furnace, N. J. 
The main U.S. zine industry, however, did not start 
until about 1860, when successful smelters were 
erected in Illinois and Pennsylvania. From this time 
the industry boomed rapidly. Probably the most sig- 
nificant technological advance contributing to this 
surge was the successful commercial concentration 
of sulfide ores by froth-flotation processes shortly 
after the beginning of the 20th century. 

Production of zine for the world and for the United 
States from 1830 through 1970 is summarized in 
figure 77. Consumption of zine (including secondary 
material) in the United States after 1937 also is 
shown. Before that time the United States had been 
virtually self-sufficient in zinc, and total domestic 
annual production generally exceeded consumption. 

The record of world production is one of exponen- 
tial growth since the end of the 19th century, inter- 
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FIGURE 77.—Primary production of zinc in the world and in the United States, 1830-1970, and consumption of zinc, in- 
cluding scrap, in the United States, 1938-70. 
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rupted only by periods of political and economic 
stress, as during the First World War when Belgian, 
French, and Dutch smelter output was sharply cur- 
tailed, and during the 1918-22 economic depression 
which followed that war. The economic depression 
of the early 1930’s is clearly reflected in the » .phs 
for both world and U.S. production, and the effect 
of the outbreak of the Second World War on west- 
ern Kuropean smelter output is reflected in world 
production decrease for 1941; U.S. production in- 
creased that year. 

The most striking feature of the U.S. graph is 
that while consumption has grown consistently dur- 
ing and since the 1940’s, mine production has re- 
mained nearly static, or has actually declined, so 
that during the period 1950-70 about half of U.S. 
needs have been met by imported materials, mainly 
ores and concentrates processed by U.S. smelters 
located near seaports. Increasing dependence on for- 
eign zine in recent decades has been due not so much 
to depletion of domestic deposits as to the lower 
cost of imported materials in relation to production 
costs at domestic mines. The U.S. imbalance will be 
aggravated further, at least through the mid-1970’s, 
because of the closing of seven domestic zinc smelt- 
ers between 1969 and 1972, brought about by obso- 
lescence coupled with antipollution regulations. 

Most significant is the fact that between 1950 and 
1970 mankind consumed half of all the zinc pro- 
duced in the world up to 1970, and between 1960 
and 1980 will probably consume about as much zinc 
as was produced in all of history before 1960—that 
is, about 106 million short tons. 

The year-to-year exploitation of zinc deposits will 
continue to be sensitive to economic conditions, but 
the probable trend will be one of growth, reflecting 
world population growth, increasing industrializa- 
tion in developing nations, and the desire for a 
higher standard of living everywhere. However, the 
phenomenal increase in the production and consump- 
tion of zinc in the 20th century cannot continue 
indefinitely, and eventually production must decline 
as primary resources approach exhaustion. We be- 
lieve that this point of irreversible decline is still 
several decades into the future, and is not likely to 
occur until the next century. Meanwhile, the indus- 
try, to prolong its survival, can be expected to seek 
improvements and innovations in mining and metal- 
lurgical techniques which will permit the exploita- 
tion of lower grade and unconventional types of 
deposits and the recovery of metal on a scale not 
previously possible, at the same time eliminating 
damage to the environment caused by current min- 
ing and smelting operations. 


UNITED STATES MINERAL RESOURCES 


GEOLOGIC ENVIRONMENT 
GEOCHEMISTRY 


Zine is a chemical element of atomic number 30 
and atomic weight 65.38; it consists of the following 
isotopes: Zn, 48.89 percent; Zn**, 27.81 percent; 
Zn°", 4.11 percent; Zn*, 18.56 percent; and Zn”, 
0.62 percent (Rankama, 19638, p. 579, 583). In four- 
fold coordination, zinc (Zn?+) has an ionic radius 
of 0.71 A; in six-fold coordination, an ionic radius 
of 0.74 A (Green, 1959, table 2). These radii are 
close to those of Mg?+ (0.66 A), Cu2+ (0.72 A), and 
Fe?+ (0.74 A) (Green, 1959, table 2). Chemically, 
zinc is most similar to cadmium and mercury, the 
other two elements of Group IIb of the periodic 
system. 

The range of estimates of the average crustal 
abundance of zinc is from 65 to 94 ppm (parts per 
million). It thus ranks ahead of copper (45-63 ppm) 
and lead (12-16 ppm), with both of which it is 
commonly associated in ore deposits. Mason (1958, 
p. 41) listed zine as the 23d most abundant element 
in the earth’s crust. Its concentration in igneous 
rocks varies from 130 ppm in basalts and syenites 
through values of 72 ppm in rocks of intermediate 
composition and 39-60 ppm in acidic rocks. The 
sedimentary rocks, such as sandstone, shale, and the 
carbonates, average 16 ppm, 95 ppm, and 20 ppm, 
respectively. Some carbonaceous shales are reported 
to contain as much as several thousand parts per 
million, whereas the Kupferschiefer of Europe may 
contain as much as 60,000 ppm, and although the 
average is something less, will contain several per- 
cent of combined copper-lead-zine over large areas. 
Deep-sea clays reportedly average 165 ppm, and 
muds from the Atlantis Il Deep in the Red Sea 
average 34,000 ppm. In western Canada, some dolo- 
mites may contain several thousand parts per mil- 
lion and in South Australia 1-2 percent zinc is 
reported as at least in part in solid solution in dolo- 
mite. (See Bischoff and Manheim, 1969; Dunham, 
1964; Krauskopf, 1967; Muller and Donovan, 1971; 
Parker, 1967; Lee and Yao, 1970; Weber, 1964.) 

Broad geochemical classifications of the elements 
generally group them as to (1) lithophile, sidero- 
phile, or chalcophile, and (2) oxyphile or sulfophile. 
Most lithophile elements rarely produce sulfide or 
related minerals in nature; they have a marked 
affinity for oxygen, and are enriched in the silicate 
crust or lithosphere. Chalcophile elements, con- 
versely, have a strong attraction for sulfur, and 
siderophile elements are so named because they are 
enriched in the nickel-iron phase (siderosphere) as 
known from meteorites. The classification as oxy- 
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phile or sulfophile is related to the preference of an 
element for oxygen or sulfur, respectively. Thus, 
most lithophile elements are also oxyphile, most 
chalcophile elements are sulfophile, and many sidero- 
phile elements are either oxyphile, or sulfophile, or 
weakly both. Zinc seems to be a borderline case. 
While dominantly chalcophile, it also has some litho- 
phile characteristics; and, although its dominantly 
chalcophile nature would suggest it to be sulfophile, 
it is classified as weakly oxyphile (see Rankama and 
Sahama, 1950, tables 4.38 and 5.4). This ambiguity 
is apparently due to its amphoteric nature—that is, 
the habit of its hydroxide to act as a weak base as 
well as a weak acid depending on the pH of the 
aqueous environment. In this respect it is like alu- 
minum, beryllium, and gallium, but unlike iron and 
manganese. Thus, with increasing availability of 
hydroxyl ions, a solution containing zinc as the 
bivalent cation will precipitate Zn(OH). at a pH 
of about 7-8. When the pH exceeds these values, 
the zine reenters the solution, but as the zincate 
anion, ZnO.—?, or the hydrated zincate anion, 
Zn(OH),—?. The reaction is reversible; as the pH 
of the solution decreases, the hydroxide is precipi- 
tated once again (pH 7-8) and is then redissolved 
as the bivalent cation with the further lowering of 
the pH. (See Krauskopf, 1955.) 

The amounts of zinc in early magmatic sulfides are 
low, but zinc becomes concentrated in the residual 
solutions resulting from the continued differentia- 
tion of a magma, and these solutions in turn con- 
tribute to the concentrations in the pneumatolytic 
and hydrothermal phases so important in the genesis 
of ore deposits. On the other hand, small quantities 
of the metal remain behind with the various crystal 
phases of magmatic differentiation because of the 
diadochic capability of zine to replace ferrous iron 
and magnesium in crystal structures. This replace- 
ment is possible because of the identity or near 
identity of the ionic radii of the three elements. 
Thus, trace quantities of zinc may occur in the 
early magmatic iron oxides, such as magnetite and 
ilmenite. Zinc apparently does not form separate 
silicate minerals in igneous rocks, although locally, 
certain species may be enriched in zinc sufficiently 
to be described as zincian varieties, (for example, 
amphibole, pyroxene, biotite, tourmaline, and gar- 
net). Many of these zincian silicates, however, are 
more likely to be found in a metamorphic regime 
than in primary igneous rocks, such as, for example, 
the zincian biotites at Franklin Furnace and Sterling 
Hill, N. J. (Frondel and Einaudi, 1968). 

Most primary ore deposits are formed in a rela- 
tively low pH environment. Consequently, most of 
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the sulfophile ore metals are precipitated as sulfide 
minerals; hence the chief primary ore mineral of 
zinc is sphalerite, ZnS. During the weathering cycle, 
however, sphalerite is decomposed. Most of the zinc 
goes into solution as either the sulfate or the chlor- 
ide and moves downward and generally away from 
the primary deposit, to be reprecipitated as carbon- 
ate, silicate, or other oxidized minerals depending 
on the availability of various anions in, and the 
chemistry of, the hydrologic regime. Zinc may be 
thus completely leached from the upper parts of 
primary zinc ore bodies or may be highly concen- 
trated in the oxidized zone. Some chemical similari- 
ties of zinc to aluminum also suggest that zinc 
should be concentrated in bauxite. That this is not 
true is probably due chiefly to the low Zn-Al ratios 
in the rocks from which most commercial bauxite 
has been formed. However, where sufficient zinc is 
present, laterization may well result in a high-grade 
concentration not only of zine carbonates and sili- 
cates but also of zinc-bearing clays and perhaps 
zincite. 
ORE MINERALS 

Many minerals contain zinc aS a major compo- 
nent; 55 species of zinc minerals are listed by Dana 
(1945, p. 812). Native zinc is known but rare; Boyle 
(1961) listed reported occurrences in his description 
of native zinc in the oxidized zone at Keno Hill in 
the Yukon where it occurs with other native ele- 
ments including sulfur. He attributes its occurrence 
there to the dissociation of sphalerite by autoreduc- 
tion-oxidation processes. 

The principal ore mineral of zinc is sphalerite, a 
zine sulfide sometimes referred to as “‘blende’’ or 
“jack.” Common varieties of sphalerite are yellow 
or resinous brown, although it may occur in other 
colors depending upon the type and amount of im- 
purities. The pure and nearly colorless variety is 
known as cleiophane, whereas the dark-brown to 
black variety with more than 10 percent Fe is 
known as marmatite. Sphalerite crystallizes in the 
isometric system, whereas wurtzite, a relatively 
rare and less stable zinc sulfide, crystallizes in the 
hexagonal system. In some deposits the ore contains 
a banded intergrowth of sphalerite and wurtzite that 
is known as schalenblende. Trace metals associated 
with and recovered from zinc-sulfide concentrates 
include silver, cadmium, germanium, gallium, in- 
dium, and thallium. 

Zine sulfides oxidize readily to several secondary 
minerals, the more common of which are the zinc 
carbonate, smithsonite, and the hydrous basic zine 
silicate, hemimorphite. The name “calamine” has 
been applied sometimes to several of the oxidized 
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zine minerals, especially to hemimorphite, but it is 
not an approved mineral name. Franklinite, wil- 
lemite, and zincite are the ore minerals of the 
renowned unique zine deposits at Franklin Furnace 
and Sterling Hill, N. J. These minerals are uncom- 
mon elsewhere in the world; however, willemite is 
the chief zinc mineral in the recently discovered 


sizable deposits of Beltana and Aroona in the Flin- 
ders Range of South Australia; and willemite, 
zincite, hemimorphite, and hydrozincite constitute 
the ore minerals in the extensive deposit at Vazante 
in Minas Gerais, Brazil. 

Some characteristics of the common ore minerals 
of zine are given in table 152. 


TABLE 152.—Composition, zine content, and selected phy sical characteristics of the common ore minerals of zinc 


Zine 
Mineral Composition content Specific Crystal 
(percent) gravity Hardness system 

Sphaleriiegm sss. == eee ZnS 63-67 3.9-4.1 3%-4 Isometric. 
Wurtzite:o Se eho See ZnS 59-67 4.0 4 Hexagonal. 
Zincite ao) se eee ee ZnO 75-80 5.7 44% Do. 
Ingato ee (Fe,Zn,Mn) (Fe,Mn) 20, 14-27 5.1 6 Isometric. 
Simiuhsonite w= ZnCOs 48-52 4.34.4 5 Hexagonal. 
Ehydrozincitee ae Zn;(OH) «(COs)» 59-78 3.6-3.8 2-2 Ye Monoclinic. 
Wallemite: 2 =e ee eee Zn2SiO, 51-56 3.9-4.2 5% Hexagonal. 
Hemimorphite _____---____- Zn; (OH) »Siz0;* H.0 52-54 3.4-3.5 4-5 Orthorhombic. 


Much zine ore contains economically significant 
amounts of lead, copper, silver, and gold. Where 
present in the primary ores, the lead occurs as 
galena (PbS) and the copper as chalcopyrite 
(CuFeS.). The silver is in solid solution in the ga- 
lena or as exsolved traces of complex silver sulfides ; 
more rarely, it accompanies the sphalerite. The gold 
is generally native, although it may also occur with 
silver in telluride minerals or in solid solution in 
some of the iron sulfides such as pyrite. Such min- 
eralogically complex ores are typical of deposits 
formed in many areas of the Western United States 
during episodes of Tertiary and Cretaceous volcan- 
ism. They contrast markedly with other major zinc 
deposits, such as most of those of the Tennessee 
region, where the only sulfides are sphalerite and 
local lesser concentrations of pyrite, and where, in 
some deposits, barite or fluorite or both are signifi- 
cant coproducts or byproducts. 


TYPES OF DEPOSITS 

Zine generally occurs with lead in many diverse 
geologic environments. The deposits have such dif- 
ferent habitats and origins that they have been 
classified according to many different schemes. 
Within any mineralized district, area, or region 
there is generally more than one type of deposit, 
and it is not always clear where one type ends and 
another begins. Consequently, for the purpose of 
this report, zinc deposits, together with their asso- 
ciated lead and other elements, are classified by 
broad geologic environments as: (1) contact- 
metamorphic deposits; (2) irregular replacement 
deposits and associated fissure fillings; (3) vein 
deposits; (4) stratabound deposits in metamorphic 
rocks; (5) stratabound deposits in carbonate rocks 


(Mississippi Valley- or Alpine-type deposits) ; (6) 
stratiform deposits; and (7) deposits formed by 
supergene enrichment or laterization. 

Ore deposits or mines containing or producing 
significant quantities of zinc, as the chief commodity, 
as a major coproduct, or as an important byproduct, 
are frequently classified by the associated metals, 
thus: (1) zine; (2) zinc-lead or lead-zine, depend- 
ing upon which metal is dominant; (3) zinc-copper 
or copper-zinc; and (4) base metal, if all three 
metals are of about equal importance. If silver is 
also an important coproduct or byproduct, it too is 
added to the class designation. 


CONTACT-METAMORPHIC DEPOSITS 


Contact-metamorphic deposits, also known as con- 
tact-metasomatic or pyrometasomatic deposits, are 
those contained in metamorphosed sedimentary 
rocks adjacent to igneous intrusives. They are found 
chiefly in carbonate rocks that have been altered 
metasomatically to assemblages of silicated rocks 
commonly referred to as skarn, tactite, or garnet 
rock. Chaleopyrite, pyrite, pyrrhotite, sphalerite, and 
molybdenite are common ore minerals. The sphalerite 
is generally iron rich. The ore may be in tabular 
bodies parallel to bedding in the host rock, in irregu- 
lar or pipelike bodies roughly conformable to the 
igneous contact, or in veins that transgress the 
metamorphosed host rock. Small irregular replace- 
ment deposits may occur in unaltered limestone 
some distance from the intrusives. Although many 
deposits of this type have been found in the United 
States, most are small and only a few have been 
significant producers. Examples include many of the 
zine deposits in the Central district of New Mexico 
(Hernon and Jones, 1968) and those of the Darwin 
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district in California (Hall and MacKevett, 1962). 
Elsewhere in the world significant production has 
been won from this type of deposit at the Kamioka, 
Nakatatsu, Chichibu, and other mines in Japan, as 
well as at mines in northern China and Siberia. The 
Kamioka mine is the largest zinc-producing mine in 
Japan, yielding more than 25 percent of the coun- 
try’s annual zine output. Other contact deposits pro- 
ducing zine are in the Trepca district of Yugoslavia 
and in Sweden and Mexico. 

IRREGULAR REPLACEMENT DEPOSITS AND ASSOCIATED 

FISSURE FILLINGS 

In many mining districts the typical contact- 
metamorphic deposits just described are displaced 
outward or upward from the intrusive contact by 
deposits of obviously lower temperature. These de- 
posits are irregularly shaped and are associated 
closely with filled fissures in either carbonate or 
clastic rocks. For the most part they appear to be 
both spatially and genetically related to intrusive 
igneous stocks of intermediate to acidic composition. 
Most are confined to zones where favorable strata 
are crossed by structural breaks. Some lie along 
veins, but irregular replacement bodies may extend 
considerable distances into certain beds of the wall 
rocks away from the veins. Locally, these bedded 
replacement bodies may be overlain and underlain 
by impervious shale or other less reactive rocks and 
may somewhat resemble the various stratabound 
deposits described below. They differ, however, in 
that they may occur throughout the local strati- 
graphic sequence as bedded replacements associated 
with adjacent veins, or as replacement bodies in 
pipelike structures that transgress the section. Ore 
from this type of deposit is more like that of ore 
in the classic vein deposits (described later) and 
contains, in addition to zine and lead, appreciable 
quantities of copper, silver, and gold. Typical of 
these deposits in the United States are the silver- 
lead-zine ores mined in the Park City, Bingham, and 
Tintic districts of Utah, at Leadville and Gilman, 
Colo., and in the Eureka district of Nevada. Else- 
where, examples include deposits in the Santa Eulalia 
and similar districts in Mexico, and in central Peru. 
(See Barnes and Simos, 1968; Rubright and Hart, 
1968; Bush and others, 1960; Morris, 1968; Em- 
mons and others, 1927; Radabaugh and others, 1968; 
Nolan and Hunt, 1968; Horcasitas and Snow, 1956; 
and Peterson, 1965.) 


VEIN DEPOSITS 


Veins are tabular ore bodies that fill faults or 
joints. The ore and accompanying gangue minerals 
either fill former open spaces along the fractures or 
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replace the wall rock; commonly both modes of oc- 
currence are recognized. Veins are narrow in width 
as compared with their length and depth; most 
have sharply defined walls. Zinc-bearing veins are 
not uniform in their metal content, and many have 
yielded more significant values in lead, copper, silver, 
and gold. Zinc-bearing veins are found in most kinds 
of rocks, although commonly they occur in igneous 
rocks or in rocks near igneous contacts. Veins con- 
taining sphalerite apparently form in a wide range 
of temperature and pressure conditions that are 
dependent upon the geologic environment. The min- 
erals of the higher temperature veins may resemble 
those of the contact-metamorphic deposits, whereas 
the minerals of the intermediate to lower tempera- 
ture veins will be generally similar to those in the 
lower temperature replacement deposits. 

In the United States, important zinc-bearing veins 
have been mined in the Coeur d’Alene district of 
Idaho (Hobbs and Fryklund, 1968), at Butte, Mont. 
(Meyer and others, 1968), and at numerous locali- 
ties in Colorado. Additional important zinc vein 
deposits occur elsewhere in the Western United 
States in many districts that are perhaps better 
known for other types of deposits. Well-known simi- 
lar veins are found in several districts of central 
Europe, Italy, Mexico, and Peru. As widespread as 
vein deposits containing zine apparently are, only 
a small portion of the world’s production has been 
won from them, and they do not contain a signifi- 
cantly large part of the world’s reserves and re- 
sources. (See also various papers in Ridge, 1968.) 


STRATABOUND DEPOSITS IN METAMORPHIC ROCKS 


Massive deposits of zinc-lead and zinc-copper ores 
occur in metamorphic rocks throughout the world. 
They consist, for the most part, of aggregates of 
pyrrhotite and pyrite accompanied by sphalerite, 
galena, and chalcopyrite. The ore bodies are lenticu- 
lar masses parallel to stratification in enclosing 
metamorphosed sedimentary and interbedded vol- 
canic rocks. Although deposits of this type are locally 
discordant to bedding or fill fissures that cut across 
the bedding or foliation, many evidently were origin- 
ally bedded replacement deposits that were subse- 
quently metamorphosed and folded. Some deposits of 
this type are in highly folded and faulted rocks, and 
although the ore replaces the host rock, the domi- 
nant feature of its control may be the faults and 
folds. These deposits include the largest concentra- 
tions of zinc-lead and zinc-copper ores that are 
known. Typical are those in the Broken Hill and 
Mount Isa districts of Australia, the Sullivan mine 
in British Columbia, the Bathurst district in New 
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Brunswick, and the Buchans mine in Newfound- 
land. Other stratabound massive sulfide deposits in 
metamorphic rocks have been mined in western 
Hurope, as well as in various parts of Russia. Rela- 
tive newcomers belonging to this very important 
class of zinc-bearing deposits include those at 
Prieska in South Africa and in Ontario and Que- 
bec—for example, Kidd Creek, Mattabi, and Ruttan 
Lake. (See McLeod, 1965; Douglas, 1970; and South 
African Mining and Eng. Jour., 1972.) 

Classified with the stratabound massive sulfides 
are that well-known Kuroko ores of Japan. Although 
these deposits are altered very slightly, if at all, 
they have most of the characteristics ascribed to 
this class of deposit. The Kuroko deposits range 
widely in size; some contain more than a million 
tons of zinc in ore consisting of fine-grained mixtures 
of sphalerite, galena, chalcopyrite, and iron sulfides. 

Massive sulfide and other stratabound deposits in 
metamorphic rocks that have produced significant 
quantities of zinc in the United States are those in 
the Ducktown district of Tennessee, in the Jerome 
district of Arizona, in the Balmat-Edwards district 
of New York, and in the Franklin Furnace-Sterling 
Hill district of New Jersey. The latter two localities 
in New York and New Jersey differ from the others 
by being closely associated with Precambrian mar- 
ble. The New Jersey deposits are almost unique 
among the major zinc deposits of the world in that 
the ore minerals are predominantly franklinite, 
willemite, and zincite rather than the more com- 
mon, apparently ubiquitous, sphalerite. The New 
York and New Jersey districts together have pro- 
duced more than 5 million tons of zinc and have re- 
sources of at least that much more. 


STRATABOUND DEPOSITS IN CARBONATE ROCKS 
(MISSISSIPPI VALLEY- AND ALPINE-TYPE DEPOSITS) 


Another major type of zinc-lead deposit is found 
in platform carbonate rocks in many parts of the 
world. In some, the ore minerals occur as open- 
space fillings in breccias; in others, the minerals 
formed chiefly by replacement. The ores in many 
districts are relatively low grade and occur as 
extensive bodies within broadly mineralized regions 
covering hundreds of square miles. They are classi- 
fied as stratabound because they are confined to 
relatively thin zones, which are generally not more 
than several hundred feet thick, in much thicker 
carbonate sequences. Many districts are, for the 
most part, relatively undisturbed tectonically, as in 
the Mississippi Valley of the United States or in the 
Upper Silesian province of Poland. Elsewhere, as in 
the Appalachian and Alpine regions of North 
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America and Europe, platform carbonates with their 
zine deposits already in place have been deformed 
structurally by later tectonism. Although most of 
these deposits produce both zine and lead, zine is 
generally dominant. A major exception is the lead 
district of southeastern Missouri where the deposits 
contain about 5 percent lead, generally less than 1 
percent zinc, and minor quantities of copper, silver, 
cadmium, cobalt, nickel, and germanium. This dis- 
trict contains one of the largest known concentra- 
tions of lead in the world. On the other hand, most 
of the deposits in some districts, for example, the 
major producing deposits of the East Tennessee 
districts and those of Middle Tennessee now being 
explored and developed, have only sphalerite and 
contain little more than trace amounts of galena. 
Other districts in the United States containing 
stratabound deposits in carbonate rocks are the 
Upper Mississippi Valley district of the Wisconsin- 
Illinois region, the famed Tri-State district in Kan- 
sas, Missouri, and Oklahoma, and the Friedensville 
district in eastern Pennsylvania. The major deposits 
in the Metaline district in northeastern Washington 
are also considered to be of this type, although they 
appear to be much more structurally disturbed and 
metamorphosed than the previously mentioned de- 
posits. Elsewhere, examples of significant deposits 
of this type are at Pine Point in western Canada; 
in several countries in northwestern Africa; in the 
European Alps from France eastward through Italy, 
Austria, and Yugoslavia; and in the Upper Silesian 
district of Poland. The Broken Hill district in Zam- 
bia, the Balmat-Edwards district in New York, and 
the Franklin Furnace- Sterling Hill districts in New 
Jersey are considered by some investigators to be 
highly altered or metamorphosed equivalents of this 
class. (See various authors in Ridge, 1968; also in 
Brown, 1967, and in Wedow and others, 1971.) 


STRATIFORM DEPOSITS 


The stratiform deposits containing zinc have also 
been referred to as stratabound deposits of synge- 
netic or diagenetic origin or simply as sedimentary 
deposits. Stratiform deposits should not be confused 
with stratabound deposits. Stratiform indicates the 
deposit is in the form of a stratum interbedded 
with other strata, for example, the Clinton-type 
sedimentary iron ores, whereas stratabound deposits 
may be crosscutting but are confined to a zone 
bounded by strata. In a general sense, all stratiform 
deposits are stratabound, but not all stratabound 
deposits are stratiform. (Note: Usage of the terms 
stratabound and stratiform in this chapter is some- 
what different from usage in some chapters.—Eds.) 
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Perhaps the most significant known occurrence of 
this type is the famed Kupferschiefer, chiefly in 
East Germany, but extending from England east- 
ward to Poland. This is a bed of carbonaceous shale 
generally less than 1 meter thick that contains 
several percent combined copper, lead, and zinc as 
finely disseminated sulfides. This mineralized bed is 
more than 20,000 square kilometers in areal extent 
and occurs in the basal part of the Permian Zech- 
stein Formation of East Germany or its equivalents. 
Copper is more abundant than zinc and lead in some 
beds, and zine and lead are more concentrated than 
copper in others. Where the Kupferschiefer has 
been mined for copper, the zine content is less than 
114 percent. Elsewhere, as at Uftrungen and near 
Bottendorf, the zinc content is higher, being about 
1.7 and 3.2 percent, respectively. 

Other zinc-bearing stratiform deposits seem to be 
rare. Some investigators believe the deposits at 
Tynagh, Hire, have a sedimentary origin, although 
others cite contrary evidence. It is possible that 
other stratiform deposits exist among oil shales or 
other carbonaceous sediments elsewhere in the world. 
As much as 1 percent Zn is reported in a variety of 
black shales around the world (Tourtelot, 1970). 
Another possibility of zinc occurrence is in evaporite 
sequences where zine might occur in minerals other 
than sulfides. This suggestion is raised by the occur- 
rence of several tenths of a percent zinc in samples 
of Devonian and Triassic dolomites associated with 
evaporite sequences in Alberta and elsewhere in 
western Canada (Weber, 1964) and associated with 
the modern evaporites of Lake Eyre in South Au- 
stralia (Davidson, 1965). The sphalerite nodules in 
the Middle Silurian dolomites of southern Ontario 
(Sangster and Liberty, 1971) might also be classi- 
fied as being of diagenetic origin in stratiform 
deposits. 


DEPOSITS FORMED BY SUPERGENE ENRICHMENT 
OR LATERIZATION 


Much has been written about the supergene en- 
richment of silver-bearing base-metal deposits, 
chiefly those occurring in the Western United States. 
Such enrichment in the weathered parts of primary 
ore deposits is generally not considered to be a 
separate type of deposit but only a process by which 
a lower grade primary sulfide ore or protore is 
made exploitable by chemical reconcentration during 
weathering. Most of the zinc ores mined until the 
early part of the 20th century were from such oxi- 
dized deposits (Heyl and Bozion, 1962). Most of 
these deposits were clearly formed by decomposition 
of sulfides in the bedrock during a weathering cycle, 
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when the metals were redeposited nearby as carbon- 
ate, silicate, or oxide minerals or as secondary sul- 
fides if they were in a reducing environment. In 
many places, as early mining exhausted these en- 
riched supergene products, the nearly one-to-one 
relation with primary sulfide occurrences in bedrock 
was evident. In the Western States (Heyl, 1963, 
1964) many secondary zinc deposits clearly were 
formed by alteration of the primary sulfides vir- 
tually in place or by direct replacement of limestone 
by smithsonite or hemimorphite from zinc-bearing 
solutions. However, in the Appalachian region, the 
oxidized zinc deposits were formed as accumulations 
of smithsonite and hemimorphite in saprolitic clay 
pockets between pinnacles of the carbonate. bedrock. 
According to Heyl and Bozion (1962, p. A19—A21), 
the zinc came from primary disseminations of spha- 
lerite previously deposited in the unweathered car- 
bonate host. These zinc-rich saprolites are analogous 
to the terra rossa-type residual aluminous or ferru- 
ginous laterite pockets formed by the deep weath- 
ering of impure limestone. 

Until the advent of successful froth-flotation 
processes shortly after the beginning of the 20th 
century, sulfide ores containing sphalerite could not 
be concentrated economically, and most zinc mined 
in the world was obtained from the oxidized deposits. 
Major districts producing such ores in the United 
States included Friedensville, Austinville, Embree- 
ville, Mascot, and Jefferson City in the Appalachian 
region and Leadville, Tintic, Ophir, and Cerro Gordo 
in the Western States. Much of the early production 
in the districts of the Mississippi Valley region was 
also from the enriched ores of the oxidized zone. 
(See Heyl and Bozion, 1962.) Significant amounts 
of this type of ore were also mined in Belgium, Ger- 
many, and Poland, as well as in Africa. 

In contrast to the enrichment of zine ores ob- 
tained in temperate climates, where the zones of 
oxidation are shallow, are the enriched oxidized ores 
of zinc found in tropical-weathering regimes. Here, 
the oxidized ores are perhaps best likened to later- 
ites in that the process forming them, in effect, is 
laterization. Perhaps one of the best documented 
deposits that can be classified as a zine-bearing 
laterite is that at Vazante in Minas Gerais, Brazil. 
This deposit is estimated to contain more than 5 
million tons of zinc; lead, copper, and vanadium may 
also be recoverable. Carvalho and others (1962) have 
described the Vazante deposit and the exploration 
of it during the 1950’s. Epigenetic zinc, lead, and 
copper(?) sulfides in a lower Paleozoic rock were de- 
composed by weathering, with the development of 
a strong ferruginous gossan (chapeau de ferro). 
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Beneath the gossan, an enriched zine deposit was 
formed by the deposition of willemite and other 
secondary zinc minerals; some galena and sphalerite 
were replaced by supergene chalcocite. Continued 
weathering further enriched the zinc, with the for- 
mation of hemimorphite and hydrozincite on a 
major scale. Further alteration followed, with the 
consequent formation of zincite and additional 
hydrozincite. 

The latter stage of enrichment probably began at 
some time during the Tertiary, and it continues 
today with additional concentration being effected 
by eluvial processes. The formation of the zincite 
and hydrozincite in the last stage strongly suggests 
the desilication process so typical of the last stage 
of laterization in the formation of the bauxite and 
iron and manganese oxide ores in the tropics. It 
is now an easy step of speculation to concur with 
the hypothesis of Rastall (supported by Palache, 
1935, p. 23-24) that the Franklin Furnace-Sterling 
Hill oxide-silicate ore in New Jersey is merely a 
metamorphosed ancient iron-manganese-zince laterite. 

Other high-grade oxidized ore deposits found in 
the tropics are at Broken Hill in Zambia, one of the 
larger zinc deposits in the world; and one recently 
discovered and being developed in the Pa Daeng 
Mountains of Thailand. The Thai deposit is reported 
to contain about 314 million tons of ore containing 
35 percent zinc formed by the “ * * * secondary 
replacement [of] limestone, sandstone, and shale by 
smithsonite, calamite [hemimorphite], hydrozincite, 
and zinc-bearing clays” (Eng. and Mining Jour., 
1972). The previously mentioned high-grade wil- 
lemite replacement deposits in Cambrian dolomite 
in the Beltana district of South Australia are also 
considered tentatively as having been formed by 
Tertiary supergene enrichment; although no asso- 
ciation with primary sulfides has yet been discov- 
ered, Muller and Donovan (1971, p. 233) reported 
1-2 percent zinc in weakly mineralized limestone 
with some of the zinc in solid solution in dolomite. 
Also, “ * * * Tertiary lateritic material, which 
overlies the limestone in places * * * appears to be 
capable of adsorbing up to 2 percent Zn.” 


RESOURCES 


Table 153 lists currently estimated zine resources 
of the world, subdivided into recoverable and sub- 
economic and into identified and undiscovered; it 
also compares these classes of resources of the 
United States with those of the rest of the world. 

Erickson (Crustal abundance chapter) indicates 
that the zine content of the earth’s crust is 2,250 
< 10” metric tons, of which 1,220 « 10” metric 


TABLE 153.—Identified and undiscovered zinc resources of the 
United States and the world (estimated in millions of metric 
tons) 


Identified Undiscovered 

resources 1 resources Total 
United States 
Recoverable _______ 245 60 105 
Subeconomic _______ 85) 230 305 
Mota lee ne ea 120 290 410 
Rest of the world 
Recoverable _______ 7190 285 475 
Subeconomic ______- 31,200 3,000 4,200 
Otaliem f= Sanh 1,390 3,285 4,675 
Total world 

Recoverable _______ A235 345 580 
Subeconomic _______ SL PAS) 3,230 4,505 
Total ca rete 1,510 3,575 5,085 


1TDENTIFIED RESOURCES: Specific, identified mineral deposits that 
May or may not be evaluated as to extent and grade, and whose 
contained minerals may or may not be profitably recoverable with 
existing technology and economic conditions. 

2 RESERVES: Identified deposits from which minerals can be extracted 
profitably with existing technology and under present economic 
conditions. 

3 CONDITIONAL RESOURCES: Specific, identified mineral deposits 
whose contained minerals are not profitably recoverable with exist- 
ing technology and economic conditions. 


tons is in the total continental crust of the world, 
of which 73 < 10” metric tons is in the continental 
crust beneath the United States. Within a depth of 
1 kilometer (approximately 3,000 ft) the continental 
erust contains 34 10% metric tons of zinc, of 
which 2 x 10% metric tons is within the United 
States. Erickson further estimates that the world 
reserve (recoverable identified resources) potential 
is 3,400 million metric tons, of which 198 million 
is in the United States. These latter tonnages are 
for ores averaging 4-percent zinc and, for the most 
part, presumably of the conventional sulfide type 
currently being exploited. Although the figures pre- 
sented are highly speculative, they represent an 
expectable order of magnitude. 

Comparison of the data in table 153 with those of 
Erickson suggests that neither the United States 
nor the world as a whole has yet reached its po- 
tential for “high-grade ores.” The total of esti- 
mated identified and undiscovered recoverable zinc 
resources of the United States, 105 million tons, is 
about one-half of Erickson’s potential 200 x 10° 
metric tons, whereas those of the world are esti- 
mated at only about one-seventh of his world po- 
tential of 3,400 x 10° tons. 

Most of the newly discovered recoverable zinc 
resources found in the last few years have been 
largely in deposits of two types, the stratabound 
deposits in metamorphic rocks (massive sulfide ores) 
and the stratabound ores in carbonate rocks (Mis- 
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sissippi Valley-type deposits). T. H. Kiilsgaard and 
B. A. LaHeist (written commun., 1962) showed in 
their estimate of resources that these two types of 
deposits each contain about one-third of the total. 
Furthermore, their estimate indicates that replace- 
ment, vein, and contact-metamorphic deposits, in 
that order, dominate the remaining third of the 
recoverable resources. They did not list separately 
the deposits herein designated as stratiform and as 
formed by supergene enrichment or laterization. 
Bachau (1971, p. 8-10) estimated that the massive 
sulfide ores and the Mississippi Valley-type deposits 
contain more than two-thirds of the total of exploit- 
able zinc. Announcements in recent mining maga- 
zines show that most of the major new discoveries 
belong to these two major types of deposits, and 
much of the undiscovered recoverable zinc resources 
is in these categories. However, other announce- 
ments give credence to the belief that oxidized 
deposits formed by laterization may be a category 
to exploit. This type of deposit holds the promise of 
large, shallow, high-grade, nonsulfide ores, examples 
of which are the deposits at Vazante in Brazil, in 
the Pa Daeng Mountains of Thailand, and in the 
Beltana district of South Australia. All these de- 
posits are under development, if not in actual pro- 
duction. 

Recoverable identified resources of the United 
States are listed by major geologic regions in table 
154, and those of the world are given by continent 
in table 155. 


TABLE 154.—Recoverable identified zinc resources of the 
United States grouped by major geologic regions 


Zine content 


Region (millions of metric tons) 
Appalachianeg <=. 5 = en eee 16.4 
Mississippi Valley * _---_-_-=___=_____ 19.2 
Rocky, Mountain ® £-=---=_=-==--_= = 7.3 
IPaciticm @oastiy == oss oe ee 2.1 


1 Chiefly the Franklin-Sterling Hill, Friedendsville, and Edwards-Balmat 
districts in New Jersey, Pennsylvania, and New York, as well as the 
Austinville-Ivanhoe district in Virginia and the several East Tennessee 
districts. 

2 Chiefly the Tri-State and Upper Mississippi Valley districts and the 
Missouri lead belts; also includes large inferred (possible) recoverable 
resources in the newly developing Middle Tennessee districts. 

3 Major sources include the Butte district in Montana; the Gilman, Lead- 
ville, and several smaller districts in Colorado; the Eureka, Pioche, and 
White Pine districts in Nevada; the Bingham, Park City, and Tintic dis- 
tricts in Utah; the Central, Pecos, and Mogo'lon districts in New Mexico; 
and the Big Bug, Bisbee, and Verde districts in Arizona. 

4 Chiefly the Metaline and Northport districts in Washington and the 
Coeur d@’Alene district in Idaho; includes small] districts in California, 
Oregon, and Alaska. 


The total of identified subeconomic (conditional) 
resources and both recoverable and subeconomic 
undiscovered resources is given as 4,850 million 
metric tons of contained zine (table 153). Tonnage 
of selected examples of the types of zinc occurrences 
that contribute to this total are presented in table 
156. 
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TABLE 155.—Recoverable identified zinc resources of the 
world 


Zine content 


Continent (millions of metric tons) 

INortheeAmeni cay ee se ee ees 84 
South Americal 2- = = ees ee 16 
unropes tte SO ee es 58 
iAchrsi Ca" Fae ee ee te een ee OE ee 14 
IAsig ss 202 Eee 2 ee ee eS 42 
Australias 22222 oS See Uta ee ee sees 21 

Total (22 Oe a ee ee 235 


TABLE 156.—Selected examples of types of zine occurrences 
that contribute to the total of conditional’ and undiscov- 
ered zinc resources of the world 


Zine content 


Example (millions of 
metrie tons) 
Kupferschiefer of Hurope _-----~----------__ 1,000 
Deep-sea manganese nodules ----_------____- 750 
Metal-bearing Red Sea muds ~--------------- 3 
Deep-lying zinc deposits in Washington State__ 24 
Zinc-bearing pyrite at United Verde mine, 
INVIZON a ae ns A ee ee ee 1 
Deposits in platform carbonate rocks: 
1) Mississippi Valley-type deposits —~_-__- 600 
2) Zine in dolomitic evaporites and related 
deposits ee = ee ee 700 
Paleoequivalents of Red Sea muds ~----------- 60 
High-erade lateritic ores 22===—===— == === 30 
Zinc byproduct from manufacture of fertilizer 
from selected phosphorites ~--------------- 5 
Zine coproduct or byproduct from massive 
sulfide or kuroko type deposits -____--_------ 300 


1CONDITIONAL RESOURCES: Specific, identified mineral deposits 
whose contained minerals are not profitably recoverable with exist- 
ing technology and economic conditions. 

Among the known lower grade or subeconomic 
zine resources are the extensive deposits of the 
Kupferschiefer and related beds in the Permian 
Zechstein Formation of Europe (Dunham, 1964). 
Resources in these beds must exceed 1 billion tons 
of zinc; in one area alone in Kast Germany, Richter- 
Bernburg (1941) estimated the contained zinc at 
200-250 million tons, and comparable though lesser 
quantities of lead and copper accompany the zinc. 
An example of the type of deposit that remains as 
a resource until beneficiation or other extractive 
techniques are improved is the zinc-bearing pyrite 
at the United Verde mine in Arizona, where about 
three-fourth million tons of zine occurs in 12 million 
tons of pyritic ore (Anderson and Creasey, 1958). 
Other subeconomic types of deposits with significant 
zine resources are mineralized bodies of relatively 
low tenor but of the same type as those currently 
being mined from carbonate rocks in the Mississippi 
Valley and Appalachian regions of the United States 
and elsewhere in North America. The resource po- 
tential for this type of deposit in North America 
must exceed several hundred million tons of zinc, 
particularly if that for the East Tennessee and the 
newly discovered Middle Tennessee districts is esti- 
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mated at a total of about 50 million tons of con- 
tained metal. 

As mentioned previously, deposits formed by 
laterization may have a high resource potential, 
although this type of deposit has not been sought 
specifically with the persistence given to the search 
for massive-sulfide and Mississippi Valley-type ores. 
More likely the so-called zincian laterites will be 
found in tropical regions, although ancient tropical 
regimes might also be sought among older geo- 
logical terranes. Geochemical search techniques 
would be as appropriate for ores of this type as 
for the more conventional sulfide types (Muller and 
Donovan, 1971). 

Some potential resources await the development 
of unconventional mining and beneficiation tech- 
niques. Such resources include metal-bearing muds 
(Degens and Ross, 1969) and manganese nodules 
(Mero, 1962, 1965) on the sea floor. Muds in the 
Atlantis II Deep of the Red Sea contain an estimated 
2.9 million metric tons of zine deposited from hot 
brines (Bischoff and Manheim, 1969). The more than 
14% trillion tons of manganese nodules in the Pacific 
Basin, that have an average content of 0.05 percent 
zine and 0.1 percent lead, are expected to contain 
about 34 and 114 billion tons of zine and lead. 

Evaporite deposits are another potential but un- 
conventional source of zinc. Weber (1964) reported 
several tenths percent zinc in samples of dolomite 
associated with Devonian and Triassic evaporite 
sequences in Alberta and elsewhere in western 
Canada. Davidson (1965), in discussing the associa- 
tion of stratabound sulfide deposits with evaporite 
sequences, cited the occurrence of a 214-foot zone 
that has a content of 0.2 percent Zn in the modern 
evaporites of Lake Eyre in South Australia. 


PROSPECTING TECHNIQUES 


As with other metallic minerals, four main tech- 
niques are used in the search for new deposits of 
zinc: geological, geochemical, geophysical, and 
direct physical. 

The geological method consists primarily of plot- 
ting on a base map the distribution and character 
of all rocks in the area studied. Geologic structures 
such as bedding, foliation, faults, joints, and other 
features also are plotted, in addition to the boundar- 
ies between formations. Indications of rock altera- 
tion other than weathering, especially signs of min- 
eralization, are also mapped. Discoveries of new ore 
bodies or extensions of old ones determined by geo- 
logic investigation are commonplace. (See Kiilsgaard, 
1965.) 


Geochemistry is a relatively new exploration tool 
that has become widely used in recent decades. Sam- 
ples of soil, rock, and stream sediment are taken 
systematically and analyzed for zine and other trace 
elements by colorimetry, spectrography, atomic- 
absorption spectrometry, or other analytical tech- 
nique. Geochemistry is particularly useful in 
eliminating areas of low potential and selecting 
favorable targets in areas of anomalously high metal 
concentration. (See Hawkes and Webb, 1962). 

Geophysical techniques depend upon contrasts 
between ore bodies and their surrounding rocks in 
certain physical properties such as magnetic, elec- 
trical, or gravimetric properties, or in response to 
seismic waves. Most physical properties of zinc 
minerals do not contrast sharply with those of their 
host rocks; thus, geophysical methods are useful in 
the search for zine only to the extent that other 
minerals or special conditions are present in the ore 
body which do respond to the instruments employed. 
For example, magnetite and pyrrhotite, if sufficiently 
abundant, give a magnetic response, whereas pyrite, 
chalcopyrite, galena, and other sulfides commonly 
associated with sphalerite respond to self-potential, 
induced-polarization, resistivity, electromagnetic, 
and audiofrequency magnetic methods. Massive sul- 
fide ore bodies also may be detected by gravimetry. 
Commonly, two or more geophysical methods are 
employed simultaneously, and airborne instruments 
have proved to be outstandingly useful. (See Dobrin, 
1960; Parasnis, 1966; Soc. Explor. Geophysicists, 
1966, 1967). 

Although the geological, geochemical, and geo- 
physical techniques have been discussed separately, 
they are most productive when used together. The 
geology is fundamental, but geochemical and geo- 
physical methods have proved so useful as to become 
standard in most comprehensive exploration pro- 
grams. A common procedure is to perform the geo- 
logical and geochemical investigations first, and then 
the geophysical technique on selected targets. In 
vast drift-covered areas, as in Canada, airborne geo- 
physical investigations often precede the geological 
and geochemical. Ultimately, however, a discovery 
is made only by direct physical means such as drill- 
ing, trenching, test-pitting, stripping, sinking a 
shaft, or driving an adit. The other three techniques 
are but a preclude to this most expensive final ex- 
ploration step and are useful only to the extent that 
they reduce costs by picking the most favorable 
targets. In general, a direct physical method should 
be used as soon as a favorable target is indicated by 
one or more of the three less direct techniques. (See 
McConnel, 1965.) 
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PROBLEMS FOR RESEARCH 


Although a high potential for zine resources in 
all categories seems apparent, research is needed 
on zine and zinc-bearing deposits in all fields of the 
geosciences to improve search techniques. More 
imaginative thinking is necessary in the search for 
conventional types of deposits to develop new con- 
cepts that can improve our understanding of geo- 
logic features localizing ore bodies and districts and 
also the sources of the mineralizing fluids. Most 
conventional deposits are considered to form during 
a single period of mineralization and then to re- 
main isolated from later geologic processes until 
discovery. It is not logical to believe that deposits 
formed hundreds of millions of years ago have 
remained unchanged by the various geologic en- 
vironments through which they have passed. Many 
ore deposits may be more ephemeral than their host 
rocks and in some environments could have been 
completely or partially resorbed by new migrating 
brines. The metals were precipitated from these new 
brines to form new ores or were dispersed into sur- 
face waters eventually to reach the sea. Search for 
evidence of such removal, particularly if only in part, 
and the tracing of the path of the brine migration, 
might well lead to the discovery of the later and 
possibly more enriched ores. Such solution and re- 
deposition concepts may be particularly fruitful in 
exploration for Mississippi Valley-type ores. Fur- 
thermore, the metal-bearing brines, regardless of 
their source, may have moved laterally many miles 
through ancient carbonate aquifers to be trapped 
in large reservoirs where different geochemical con- 
ditions precipitated the metal. 

Further studies of geophysical techniques are 
needed in the search for zinc-bearing ores. The 
application of magnetic and electromagnetic tech- 
niques are reasonably well understood. On the other 
hand, gravity and seismic techniques have not been 
pursued to any great extent. This may be largely 
because they have been tried with no immediate 
success or because they have been considered and 
discarded on theoretical grounds, with no extensive 
experimental studies. Gravity surveys may be par- 
ticularly useful in locating large breccia bodies of 
the Mississippi Valley tyre when concealed under a 
relatively shallow cover. Another application of 
gravity studies could be in the search for extensions 
of high-grade zine laterites under cover of dense 
tropical vegetation. 

A better understanding of zinc geochemistry and 
the geochemistry of potential environments of depo- 
sition is of prime importance. The amphoteric na- 
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ture of zinc and its role in the formation of oxidized 
zine deposits need further consideration. The anoma- 
lous amounts of zinc in certain evaporitic rocks need 
explanation to determine if further enrichment in 
evaporites is possible—also whether such enrich- 
ment, if stripped from its host, might be a source of 
metal in ore fluids. Further investigation of zinc 
geochemistry as applied to exploration investigations 
will also be valuable. Simplification of field analytical 
methods would be helpful for exploration geochemi- 
cal surveys in remote areas. 
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ABSTRACT OF CONCLUSIONS 

Zirconium and hafnium are metals that are useful prin- 
cipally in metallic form in the chemical and nuclear reactor 
industries and in mineral form as zircon (ZrSiO;) in the 
metal foundry and glass industries. Zircon and baddeleyite 
(ZrO2) are the principal sources of zirconium, and hafnium 
is recovered in extracting reactor-grade zirconium. Both 
metals are reduced by the Kroll process. 

Zircon and baddeleyite occur as primary minerals in 
alkaline-rich igneous rocks, but zircon is recovered mainly 
from titanium-bearing placer sands. The United States is a 
major producer and consumer of zircon and imports large 
quantities from Australia, which is the world’s largest pro- 
ducer of zircon. Identified resources of zircon in the United 
States are about 10,800,000 short tons, of which nearly 80 
percent is in the Atlantic Coastal States. U.S. production 
is solely from Florida and Georgia, as a byproduct of titanium 
production. 

World identified resources exceed 36 million short tons 
of zircon equivalent. World production of zirconium con- 
centrates in 1970 was more than 450,000 tons. Of this, the 
the United States used about 30 percent. Current supplies of 
zircon exceed demand for a few decades, but environmental 
problems may limit mining of some placers in the near fu- 
ture. Research is needed to find alternate sources and means 
of extracting zirconium minerals. 


INTRODUCTION 


Zirconium and hafnium are elements that in their 
metallic forms are principally useful in the chemical 
and nuclear-reactor industries, in applications for 
which corrosion resistance, structural stability at 
high temperatures, specific alloying properties, or 
specific neutron-absorption characteristics are re- 
quired. About 8 percent of all the zirconium 
consumed in the United States is used in these indus- 
tries (Stamper and Chin, 1970a, b). The most com- 
mon naturally occurring zireconium- and hafnium- 
rich mineral, zircon (ZrSiO,), which generally con- 


U.S. GEOL. SURVEY PROF. PAPER 820 


713 


714 


tains nearly 49 percent zirconium and less than 2 
percent hafnium, is the principal source of these 
elements. Baddeleyite (ZrO:), a commercially im- 
portant but less abundant zirconium-rich mineral, 
contains approximately 73 percent zirconium and 1 
percent hafnium (Kauffman, 1956). Because of their 
refractory nature (melting points 2550°C or great- 
er), these minerals are useful directly as mold 
materials for casting ferrous metals in foundries and 
in bricks and blocks in glass furnaces. Of an esti- 
mated total U.S. consumption in 1970 of 145,000 
short tons of zircon concentrates, 100,000 tons was 
for foundries, 22,000 tons for refractories, and 
23,000 tons for other uses (Clarke, 1970). Zircon, 
both natural and synthetic, is also used in minor 
quantities as a gemstone. 

Zircon is processed as an industrial mineral by 
reacting it with dolomite at high temperatures to 
produce zirconia (zirconium dioxide, ZrO.), which 
has a higher melting point and is less reactive than 
zircon in some metallurgical systems. Zirconium com- 
pounds for other uses are prepared from zirconium 
oxide (Stamper and Chin, 1970b). 


ZIRCONIUM AND HAFNIUM METALS 

Zirconium metal is obtained by reacting zircon 
with coke in electric furnaces to produce zirconium 
carbonitride, which is chlorinated to zirconium tetra- 
chloride. The Kroll process, which involves reduction 
of the tetrachloride by magnesium metal in an inert 
atmosphere, is used to obtain zirconium sponge metal 
which contains about 2 percent hafnium. Metal fabri- 
cated from the sponge is suitable for non-nuclear 
applications (Stamper and Chin, 1970b). 

Both zirconium and hafnium metals have excel- 
lent structural properties and resistance to corrosion 
at elevated temperatures, which make them particu- 
larly useful in reactor materials in which these 
properties are required. 

Reactor-grade zirconium and hafnium metals are 
produced by dissolving crude zirconium tetrachlo- 
ride, which contains some hafnium, and chemically 
separating the hafnium from the solution. The zir- 
conium and hafnium components are separately pro- 
cessed to form chlorides which are reduced to metals 
by the Kroll process. The necessity to separate the 
zirconium and hafnium to meet the requirements for 
reactor-grade metals arises from the different nu- 
clear properties of the two metals. Zirconium, havy- 
ing a low neutron absorption cross section (less than 
0.2 barn), is useful in reactor components in which 
minimum neutron absorption is required. Hafnium, 
which has a relatively high neutron absorption cross 
section (105 barns), is useful in components in which 
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neutron absorption is a desired property (Weast 
and others, 1965; Lustman and Kerze, 1955). 


USES OF ZIRCONIUM 

In addition to its principal use for structural ma- 
terials in nuclear reactors, zirconium metal is used 
in small quantities in camera flashbulbs to provide 
quick ignition and longer light intensity. Zirconium 
alloys are used for making mechanical components 
such as heat exchangers, valves, tubing, spinnerets, 
and crucibles for the chemical industry (Stamper 
and Chin, 1970b). Zirconium-columbium alloys are 
used in superconducting magnets. Zirconium com- 
pounds are also used in ferroalloys, glazes, enamel, 
welding rods, abrasives, pharmaceuticals, paints, 
and water repellents, and for sandblasting. 

Zircon and zirconium metal and compounds have 
many substitutes in their various applications. 
Chromite and other materials are substitute mold 
materials. Titanium oxide and tin oxide may be used 
in place of zirconium oxide in opacifiers for ceramic 
glazes and enamels. Other metals and alloys, such 
as those of titanium, tantalum, and stainless steels, 
may be used in place of zirconium metal and alloys. 
Substitution of other materials for zirconium ma- 
terials is based upon specific performance, price, 
availability, and other factors. 


USES OF HAFNIUM 

The principal use of hafnium is in the form of 
metal, mainly for control rods for nuclear reactors. 
A minor amount is used as an additive in alloys, and, 
in recent years, about 15 percent of the hafnium 
used in the United States was used as the oxide, 
mainly for research. Hafnium has been used in elec- 
tric light bulbs and in electrodes in X-ray tubes and 
other electronic tubes. Numerous other uses of hafni- 
um have been investigated (Stamper and Chin, 
1970a). Alternate materials for hafnium for nu- 
clear-reactor control rods are stainless steels con- 
taining silver, indium, cadmium, boron, and rare- 
earth elements. 


PRODUCTION 


Zircon, the principal raw material for the extrac- 
tion of zirconium, is available in excess of demand. 
Zircon production is directly related to the produc- 
tion of titanium mineral concentrates from placer 
sand deposits. Australia, the leading producer of 
concentrates of titaniferous sands, is also the lead- 
ing producer of zircon concentrates. The production 
of zirconium concentrates in recent years from five 
nations is given in table 157. (U.S. production figures 
are withheld to avoid disclosing individual company 
confidential data.) Zircon production capacity in 
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TABLE 157.—Production, in short tons, of zirconium con- 
centrates from five nations, 1968-70 


[e, estimate; NA, not available. Data from Clarke, 1970] 


Country 1968 1969 1970 
Ostraliae ea 332,956 411,021 e403,000 
Brazilens=— 7-22 ee 3,088 3,874 NA 
Geylone 2222 s2bes455 28 15 123 
Malaysia == 11,241 * 1,562 2998 
mhaland’ =2252--- 2" 3,549 276 ° 2,469 

Motal! 2522 Le 340,857 416,808 406,590 


1 Exports of zircon. 
2 Exports of zircon and zirconium sand to Japan. 


India and Ceylon was expected to be near 10,000 and 
9,500 tons per year, respectively, by the end of 1970. 
The zircon production capacities of Malaysia, South 
Africa, and the United Arab Republic were reported- 
ly small. Total world production of zirconium con- 
centrates, including unreported amounts of bad- 
deleyite, zircon , and eudialyte, probably exceeded 
500,000 short tons. 

The combined zirconium and hafnium contents of 
zircon concentrates form approximately 50 percent 
of the tonnage. The ratio of zirconium to hafnium in 
the concentrates is about 50 to 1. Total world produc- 
tion of zirconium in 1968 was estimated by the U.S. 
Bureau of Mines to be about 247,000 short tons 
(Stamper and Chin, 1970b). This total was based 
upon reported production and upon assumed amounts 
of 30,000 tons for the U.S.S.R. and 39,000 tons for 
the United States. Data on actual production for 
these countries and for Japan and India are not 
available. Because production in Australia increased 
by about 34,000 tons of zirconium between 1968 and 
1971, world production in 1971 is estimated to have 
been approximately 280,000 short tons. 


ESTIMATED U.S. PRODUCTION OF 
ZIRCONIUM CONCENTRATES 

United States production of zircon is solely from 
the Trail Ridge area, Florida, and Folkston, Georgia. 
Zircon and zirconium products are processed in sev- 
eral states. Specific production data are not released, 
but the order of magnitude of their production can 
be estimated. Stocks of zircon held by dealers and 
consumers in the United States, exclusive of those 
held by foundries, during the years 1968-71 have 
varied only slightly; so the difference between the 
amounts imported and the total U.S. consumption, 
as shown in figure 78, indicates the order of magni- 
tude of domestic production. The data suggest a de- 
crease from 83,000 short tons estimated for 1968 to 
between 50,000 and 55,000 tons in 1970 and 1971, 
depending upon the source of the zircon exported 
from the United States, and the amount of zircon 
reused. 
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PRODUCTION OF ZIRCONIUM AND HAFNIUM 

Zirconium metal production in the United States 
in 1968 was entirely from imported concentrates. 
Data concerning the amount produced are not avail- 
able. Hafnium demand in that year, about 18 short 
tons, was met by processing imported zircon to pro- 
duce hafnium-free zirconium. Hafnium crystal bar 
production in 1970 was 35 short tons (Clarke, 1970). 


PRICES 
The prices of zirconium and hafnium raw materi- 
als and of various products of these elements are 
indicated in the following list, from data compiled 
by the U.S. Bureau of Mines from published sources 
for 1970 (Clarke, 1970) : 


Specification of material Price 
Zircon: 
Domestic, per short ton, f.o.b. Starke, Fla. 
(minimum 66 percent ZrO.) 
Imported, sand, per long ton, in bags, c.i.f. 
Atlantic ports (minimum 65 percent 


$ 56.00-$57.00 


Zit) s)) ee ae ah oe ee ee 70.00 
Zircon and zirconia brick, 9-inch equivalent brick, 
per lbri ¢ ksqt ees ae ee 3.72 
Zirconium oxide, in various grades and lots, 
Ders‘pound) 222323252552 8 e— - Sees 0.41— 1.50 
Zirconium: 
Powder, per pound __-__-------__-__- 12.00— 13.00 
Sponges per) pound) 222222222 s eae a sae 5.50— 7.00 
Hafnium: 
SOMERS, er WOLMCG! — Hesse eee ee Sse oese 75.00 
Bar and plate, rolled, per pound —_____ 120.00 


It is apparent that the price of about 5 cents per 
pound for the zircon is only a small part of the price 
of the various prepared products. The difference in 
prices is related to the complexity and cost of the 
processes required to convert the zircon to usable 
products. 


TRADE 

The average value of imported zircon, 92 percent 
of which was from Australia in 1970, was $39.08 per 
short ton, and the total value of zircon imported into 
the United States was $3.7 million (Clarke, 1970). 
Products of zirconium and hafnium valued at ap- 
proximately $1.6 million were imported into the 
United States in 1970. These were from Canada, 
France, West Germany, Switzerland, Netherlands, 
United Kingdom, and Japan. U.S. imports for con- 
sumption of zircon were from Australia, Canada, 
Republic of South Africa, and the United Kingdom. 
The value of. zircon imports from Australia was 
nearly $3.3 million. Some sales contracts for rutile 
from Australia stipulate that zircon must also be 
purchased in some proportional quantity (Stamper 
and Chin, 1970b). 
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FIGURE 78.—U.S. consumption, imports, and exports of zirconium concentrates, 1944—71. Figures for U.S. total consumption 
for 1963-66 not available. Data from U.S. Bur. Mines “Minerals Yearbooks, 1944-70” and “Commodity Data Summaries, 
1972.” 


The United States exported nearly $6.9 million | continents. Exports to Canada were valued at $3 
worth of zirconium ores, concentrates, and zirconi- | million. 
um-bearing materials to 30 countries on all the Although the United States imports a considerable 


ZIRCONIUM AND HAFNIUM 


amount of the zircon it consumes, domestic resources 
of zircon are large and could be utilized in greater 
quantities if foreign supplies were not available. 
World resources of zircon are sufficient to meet the 
demand in the foreseeable future. A better under- 
standing of the zirconium and hafnium resources of 
the world can be obtained by an examination of the 
geologic occurrence of these elements. 


GEOLOGIC ENVIRONMENT 


GENERAL GEOCHEMICAL AND 
MINERALOGIC CONSIDERATIONS 
Zirconium and hafnium have long been recognized 

as a classic example of a pair of geochemically co- 
herent elements; that is, they invariably occur to- 
gether in rocks and minerals. Their close association 
is explained by their nearly identical] charge, ionic 
radii, electronegativity, and ionic potentials (table 
158). 


TABLE 158.—Selected data on zirconium, hafnium, and geo- 
chemically associated elements 


[Data from Green, 1959, table 2] 


Electro- 
Atomic Tonic ane, Tonic 
Ion No. radius calories / potential 
gram- 
atom) 
(Ato ae 40 0.79 200 5.08 
Tae = = 72 78 180 5.12 
Wises ee 90 1.02 170 3.92 
(Wetge ees fs: 92 97 190 4.12 
Ceri a& Fe 58 94 190 4.26 
INipe ea 41 .69 240 7.5 
agate Seb 73 68 210 7.385 


Both elements are markedly lithophile (have a 
strong affinity for oxygen) and are enriched strong- 
ly in the sialic crust of the earth. Because of its 
physical and crystallochemical properties, Zr*+ has 
restricted entry into the lattice sites of the major 
rock-forming minerals, hence, relatively few miner- 
als account for the occurrence of most of the zir- 
conium of the earth’s outer crust. Approximately 20 
well-defined minerals, all of which are classified as 
silicates or oxides, contain zirconium as an essential 
constituent. In addition, a large number of minerals 
contain minor or trace amounts of zirconium in solid 
solution (Vlasov, 1966a, b; Frondel, 1957). From a 
quantitative standpoint the mineralogical distribu- 
tion of zirconium in the earth’s outer crust can be 
almost entirely accounted for by only three minerals: 
(1) zircon, ZrSiO,; (2) baddeleyite, ZrO.; and (3) 
eudialyte, Na,(CaFe) .ZrSi,O,,(OH,Cl)». Because of 
its widespread occurrence as an accessory mineral 
in igneous and metamorphic rocks and its roncentra- 


tion in sedimentary rocks (Poldervaart, 1955, 1956; | 
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Mertie, 1958; Ronov and others, 1961; Saxena, 1966; 
Marshall, 1967), zircon is the principal source of 
zirconium and hafnium. 

Baddeleyite occurs in economically important de- 
posits in association with feldspathoidal igneous 
rocks in the Pocos de Caldas Plateau, Minas Gerais, 
Brazil (Guimaraes, 1948; Franco and Loewenstein, 
1948). The Pocos de Caldas zirconium ore concen- 
trates consisting of baddeleyite and intimately as- 
sociated zircon (locally called caldasite) contain 0.1- 
2.0 percent uranium, averaging about 0.5 percent 
(Tolbert, 1966). 

Hudialyte, although considered a relatively rare 
mineral, occurs in large quantities in some types of 
potassium- and sodium-rich igneous rocks. It is an 
essential mineral in a variety of nepheline syenites 
and nepheline syenite pegmatites of the agpaitic 
type. (Nepheline syenites in which the inolecular 
ratio K.0+ Na,O: A1,O; is greater than 1 are named 
agpaitic; nepheline syenites in which the ratio is 1 
or less are named miaskitic) Agpaitic nepheline sye- 
nites are known from the Ilimaussaq intrusion in 
Greenland and the Kola Peninsula in the U.S.S.R. 
(Gerasimovskii, 1956). In addition to containing 
deposits of eudialyte, the agpaitic rocks of the 
Ilimaussaq intrusion contain potential low-grade 
uranium deposits (Sorensen, 1970a, b) and niobium 
mineralization (Hansen, 1968). 


ABUNDANCE AND DISTRIBUTION IN ROCKS 
OF THE CRUST 


Estimates from recent compilations of the crustal 
abundance of zirconium and hafnium and of average 
zirconium and hafnium contents in some of the 
major rock types of the upper crust are given in 
table 159. It should be recognized that there are 
problems inherent in making such estimates of the 
abundances of elements (Fleischer and Chao, 1960). 


TABLE 159.—Abundances of zirconium and hafnium in ter- 
restrial rocks, in parts per million 


[Data from Brooks, 1969, 1970; Chao and Fleischer, 1960; Degenhardt, 
1957; Horn and Adams, 1966; Taylor, 1965; Turekian and Wedepohl, 1961] 


Zr-Hf 
Rock type Zr Hf ratio 
Grustiy sees ee rk ON 165 3 55 
WihireaimMENte 2 ee 40 5 80 
Basalt: 
Mholenticns= sa 50-100 1-2 50 
Alkaline oo. 250 3-4 62-83 
yeni teva tee. are 500 10 50 
Granodionitey ee 140 4 35 
Graniteyg se ee eae es 180 4 45 
Shalev 232 RRS 0 seas 160 3 53 
Graywackee sees 140 2 70 
Sand Stone myer ae ee 220 5 44 
imestoney eee ee 20 By 40 
Pelagiemelay see 150 4 38 
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Zirconium, a fairly common element, ranking 
twentieth in order of abundance in the earth’s outer 
crust, is determined routinely in nearly all trace- 
element investigations. Thus the average zirconium 
contents of the predominant rock types (background 
levels) are reasonably well documented and provide 
a basis for the recognition of zirconium-rich prov- 
inces or rock units of potential economic interest. 
The highly generalized abundance data on igneous 
rocks (table 159) reflect the well-known tendency 
for zirconium content to increase in the differentia- 
tion sequence ultramafic-mafic-intermediate-felsic, 
with a particularly marked enrichment in syenitic 
(alkalic) rocks. 


BEHAVIOR OF ZIRCONIUM IN 
MAGMATIC PROCESSES 

The abundance and variation of zirconium in 
suites of igneous rocks represent different stages of 
crystallization of magmas (Chao and Fleischer, 
1960). Zirconium increases in each stage as differ- 
entiation proceeds. The zirconium contents of suites 
derived from an alkaline base magma are signifi- 
cantly greater than those derived from a basaltic 
magma of the tholeiitic type. In these rock suites, 
differentiation produces about a five-fold enrichment 
in the final products of crystallization. An unusually 
strong enrichment of zirconium (>1,000 ppm Zr) 
occurs in the late differentiates of the Skaergaard 
intrusion in Greenland as compared with the zir- 
conium content of its initia] liquid (94 ppm (parts 
per million)), a value similar to the average zir- 
conium content of tholeiitic basalts (Brooks, 1969). 
Cale-alkalic and calcic rock suites have the lowest 
zirconium contents and do not yield differentiates 
rich in zirconium. The alkalic suites have higher 
zirconium contents, and zirconium enrichment is 
most pronounced (>1,000 ppm) in the most siliceous 
rocks of these suites. 

The strong tendency for zirconium to concentrate 
in rocks with strong alkaline affinities is zenerally 
attributed to the greater solubility of zirconium in 
magmas relatively high in Na, K, F, Cl, and OH. 
Because of its high ionic potential, zirconium is 
strongly partitioned into the residual liquid (Ring- 
wood, 1955). Strongly alkalic (pantelleritic) obsidi- 
ans contain from 1,100-3,000 ppm Zr (Carmichael, 
1962), and riebeckite rhyolites and granites from 
Nigeria have as much as 2,200 ppm Zr (Butler and 
Thompson, 1965; Bowden, 1966). The contrasting 
behavior of zirconium in the more calcic suites, 
which have low contents of alkalis and complexing 
ions, may thus be attributed for the most part to 
early crystallization of zircon, which causes only 
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slight to moderate enrichment in the residual 


magmas. 


BEHAVIOR OF HAFNIUM IN 
MAGMATIC PROCESSES 


Data on the hafnium content of rocks are rela- 
tively scarce because of the difficulty of determining 
hafnium in the concentration ranges encountered in 
rocks. The average content of hafnium in the upper 
crust of the earth is 3 ppm, approximately one- 
fiftieth of the abundance of zirconium. 

Because hafnium and zirconium are nearly identi- 
cal in chemical properties, the geochemical behavior 
of hafnium during magmatic differentiation is quite 
similar to that of zirconium. In most suites of co- 
magmatic or spatially associated rocks, the Zr—Hf 
ratios of the bulk rock or zircons are generally be- 
tween one-half and twice the average Zr—Hf ratio 
of the earth’s crust. Two diabase-granophyre suites 
from Dillsburg, Pa., and Great Lake intrusion, Tas- 
mania, have absolute and relative enrichment of 
hafnium in the later-formed rocks. The average Zr— 
Hf ratio decreased from 68 to 33 in the course of 
differentiation (Gottfried and others, 1968). In the 
Skaergaard intrusion, however, the ratio varied in 
an opposite manner, the enrichment of zirconium and 
hafnium being accompanied by an increase in the 
Zr—-Hf ratio with differentiation (Brooks, 1969). 
Limited data on differentiation products of an alkali- 
olivine basalt indicate an increase in the Zr—Hf ratio 
from 59 in early formed ankaramite to 85 in more 
silica- and alkali-rich trachyte (Brooks, 1970). 

The geochemical variation of hafnium relative to 
zirconium in calc-alkaline rocks is based mainly on 
data obtained on zircon. Analyses for hafnium and 
the Hf—Zr ratios in zircon from calc-alkaline plutonic 
rocks indicate about a twofold enrichment of haf- 
nium in zircons from granites over that found in 
zircon from gabbroic rocks, the Zr-Hf ratio de- 
creasing from 50-70 in the gabbros to 30-35 in the 
granites. Variations of the Zr—Hf ratios in pulk rock 
samples from calc-alkaline granitic masses (Condie 
and Lo, 1971; Esson and others, 1968) are similar to 
those obtained on zircon. Zircon from under- 
saturated rocks, such as syenites and nepheline sye- 
nites, has low hafnium contents and significantly 
higher Zr—Hf ratios (60-150) than zircon from ordi- 
nary granitic rocks, as shown in table 160. In con- 
trast, zircons with the highest hafnium contents (to 
30 percent) and unusually low Zr—Hf ratios (<20) 
are found in zircon derived from peralkaline gran- 
ites, granitic pegmatites, and lithium-tantalum- 
bearing pegmatites (Knorring and Hornung, 1961; 
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TABLE 160.—General range of zirconium-hafnium ratios in 
zircon from igneous rocks 
[Data from Chessex and Delaloye, 1965; Fleischer, 1955; Gottfried and 


Waring, 1964; Hess, 1962; Lyakhovich and Shevaleyevskii, 1962; Vainshtein 
and others, 1959] 


Rock type Zr-Hf 
Gabbroweewt 522 22 23 Se AEE ed ie ene te _ 50-70 
Qian t Zed 1Or begs Ss ee 40-60 
Granod Ori tem = a ee ae ee ee ee 35-55 
Granites (calecalkalic)) 22 =e 30—45 
Granitem(alkalic) see 20-30 
Granite perm acite pee ee ee 3-20 
INepheline!syenite)<_ =. 92 23. 253s Sere Ses 60-150 


Levinson and Borup, 1960; Vainshtein and others, 
1959). 


TYPES OF DEPOSITS 
PRIMARY DEPOSITS 

Despite the fact that zircon tends to be enriched in 
late-stage magmatic differentiates and is a common 
accessory mineral in many rock types, primary de- 
posits having economic value are rare. An example 
is the uraniferous zirconium deposits in the Pocos de 
Caldas Plateau, Brazil, which contain baddeleyite 
and zircon in commercial quantities and yielded an 
estimated 100,000 metric tons of zirconium ore con- 
centrate before 1953 (Tolbert, 1966). These deposits 
consist of veins and disseminations of baddeleyite 
and zircon in nepheline syenite and phonolite of an 
alkaline intrusive that was emplaced in gneiss and 
granite in the southwestern part of the Brazilian 
shield. The veins are believed to be of hydrothermal 
origin (Tolbert, 1966), but the primary ores may 
have resulted from lateritic concentration as de- 
scribed by Wedow (1967) for thorium and rare- 
earth deposits nearby. Concentrations of baddeleyite 
and zircon were in primary veins disseminated in 
decomposed bedrock in eluvial deposits on hill slopes, 
and in alluvial placer deposits along streams and in 
terraces. Most of the ore production was from 
placers of alluvial and eluvial origin. Only a small 
amount was produced from shallow workings along 
veins. Resources of zirconium ore in the region were 
estimated to be 50,000—70,000 metric tons which con- 
tained 60-85 percent ZrO. and about 0.5 percent 
uranium (Tolbert, 1966). 

Other primary deposits are pegmatites which con- 
tain rare zirconium minerals or gem-quality zircon, 
such as those in the Zirconia district, Henderson 
County, N. C. (Pratt, 1916). Deposits of this type 
are of little economic significance at present. 


SECONDARY DEPOSITS 
In the sedimentary cycle, zircon, being heavy 
(sp gr 4.7) and resistant to chemical decomposition 
and erosion, is concentrated with other heavy re- 
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sistate minerals, such as rutile, ilmenite, monazite, 
and garnet, in placer deposits in stream terraces, 
along beaches, and in sand dunes. Deposits of this 
type are the commercial sources of zircon, generally 
as a coproduct or byproduct of titanium minerals or 
combinations of other heavy minerals. Examples of 
commercial zircon-bearing titaniferous sand deposits 
are Trail Ridge, Fla., and deposits along beaches 
near the Queensland-New South Wales border, 
Australia, and along beaches in Western Australia. 
About 1 ton of zircon is produced for each ton of 
rutile in concentrates from the Australian deposits 
(Stamper and Chin, 1970b). 

Zircon is also found in small percentages in some 
phosphatic sediments and in some sand and gravel 
deposits. Potentially recoverable zircon is usually 
discarded in waste products from phosphate mining 
and sand and gravel production. In 1967, for ex- 
ample, 44,000 tons of zircon was discarded along 
with 60,000 tons of ilmenite and 5,000 tons of mo- 
nazite as waste products in Florida phosphate opera- 
tions (Stow, 1968). 

Zircon deposits in lithified titanium-rich placers in 
sandstones or in metamorphosed sandstones are po- 
tentially of economie importance. Sandstones of the 
Precambrian Ocoee Supergroup contain beds having 
4.5-9.0 percent zircon (Wedow and Hobbs, 1968). 


RESOURCES 


IDENTIFIED RESOURCES 


The identified resources of zircon are principally 
in titanium-rich and phosphate-rich sands in placer 
deposits and in fossil placers in titaniferous sand- 
stone. Resources of baddeleyite in South Africa and 
Brazil, however, include primary and residual de- 
posits. Data on world resources of zircon are incom- 
plete. Identified zircon resources, in short tons of 
zircon equivalent, are given in table 161. These 
resources contain approximately 17 million tons of 
zirconium and 0.3 million tons of hafnium. 

The United States has the world’s greatest identi- 
fied resources of zircon (Stamper and Chin, 1970b). 
More than 70 percent of the domestic resources are 
in the Atlantic Coastal States of Florida, Georgia, 
South Carolina, and New Jersey. The distribution of 
zircon resources in the United States is shown in 
table 162. The amount for Florida is modified from 
published resource data to compensate for estimated 
production. 

The identified resources of zircon in the United 
States, estimated at 10.8 million tons, contain ap- 
proximately 5 million tons of zirconium and 0.1 mil- 
lion tons of hafnium. A portion of the resources in 
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TABLE 161.—Jdentified world resources of zircon 


[Identified resources: Specific, identified mineral deposits that may or 
may not be evaluated as to extent and grade, and whose contained 
minerals may or may not be profitably recoverable with existing tech- 
nology and economic conditions. Figures are rounded. NA, not available. 
Data from Ange-elli and Chaar (1967), Brazil Dept. Nacional da Producao 
Mineral (1967), Industrial Minerals (1971), Kauffman (1956), Stamper 
and Chin (1970b), Tolbert (1966), U.S. Bur. Mines (1969,1972) ] 


Zircon 
equivalent, in 


Country thousands of 
short tons 

United Statesy= =" 2a Sa ee eee 10,800 
PACS GIal late ee ee 8,600 
WURSiSaRw eee ae 2 is ee eee 6,000 
Ting ayy * =: eee ee hs ba ye ee oye ee 3,360 to 5,000 
SouthpAtricas Republic of === ,000 
Brazil Sees. ae Fee ee Oe 2,500-+ 
Geylon. 2-222 Se we ee 5 Ss SE 1,000 
Sierra Weonep- 2a5— == oe ee ee eee 1,000 
ING weZealand ae teas Soe ee ee eee 400+ 
Uruetay asl ae Situs es Eee sss eee 136 
Armentina = 2 eee oe te ee SS ae ee 14 
Iiviory) Coast. 2-322 ae eee ee ee NA 
Jia etray VE 2S Shee ek ERED | 2 REN ee Be Pe NA 
KO se ay eee ee se PE te ee NA 
Malagasy Republic (Madagascar) -_-------- NA 
Malaysianee steno sas eieee® - ST) Rae es NA 
IN Yoga geen ae ee Se eR ae ee! NA 
“Maw kevaval: Seek 8 ea a eis ee toes eee seen ee NA 
Wnited@At-abreepuh licen nena NA 

MM otal leatostes 0 ith he Be Sie a gat age 36,310+ 


TABLE 162.—IJdentified zircon resources of the United States 


[Identified resources: Specific, identified mineral deposits that may or 
may not be evaluated as to extent and grade, and whose contained 
minerals may or may not be profitably recoverable with existing tech- 
nology and economic conditions. Data from Dow and Batty (1961), Kauff- 
man and Holt (1965), Wessel (1958), Williams (1964) ] 


Zircon re- 
sources, in 


State thousands of 

short tons 
IE O rei day es ee eres pa re le ie eT 5,400 
(COE eda: Se iS SAE aE ee eee 350 
INorthmi@arolin aye ss esa anaes ee Sak eee 22 
Southg Carolinawe=s-> 222 owes at fee ee 1,275 
INGWerJCESCVS as eee ae a See oe ee = 1,520 
California == eee See eee ee ee 1,500 
Tidaho [pss esas. Steen ~ + iamge dey elvis weBa gs Webel _ mere = 280 
Montana sat tee ie oe te ee 94 
\WW5y, 0m in eee nee ee ete eres SE ee 120 
ING wie Miexd cowie > ees eee: Heise esate Pee 98 
Ore COT ee a ae es ape ee 90 
With een ee eeenene es See ee 59 
Wiashinptonpeteites_ 2. si Sere ees Os aes 6 
(Rotalives=-ss sok See eee. ee 10,814 


Florida and Georgia can be considered as reserves. 
The remainder of the identified zircon resources in 
the United States is at present not competitive 
commercially. 


HYPOTHETICAL RESOURCES 
Hypothetical resources of zirconium and hafnium 
are difficult to quantify. Untested areas along the 
coasts of Africa, Asia, and South America, and off- 
shore deposits in shallow waters throughout the 
world contain concentrations of zircon comparable 
to those in known deposits. Similarly, fossil placers 
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in sandstone and metasedimentary rocks, and alkalic 
igneous rocks on all continents contain great quanti- 
ties of zircon. However, the added cost of mining and 
separating most hard-rock deposits excludes them 
from consideration as resources in the near future. 
Byproduct zircon and baddeleyite may become in- 
creasingly important sources of zirconium and haf- 
nium. Phosphate deposits, such as those mined in 
Florida (Stow, 1968), and sand and gravel deposits 
in Alabama and elsewhere in the United States con- 
tain substantial amounts of zircon that are potential- 
ly recoverable. Baddeleyite-bearing copper ores at 
Palabora in South Africa (South Africa Mining and 
Engineering Jour., 1970) currently yield zirconium 
concentrates in addition to copper, iron, and phos- 
phate products. Many other ores that require grind- 
ing and beneficiation contain minor amounts of 
zirconium minerals that are potentially recoverable. 


PROBLEMS FOR RESEARCH 

Zircon is currently available in excess of projected 
demand for the next few decades. Environmental 
problems such as water pollution and despoilment of 
beaches, and competitive land use in some areas, may 
interfere with the production from placer deposits 
that are worked principally for titanium and by- 
product zircon. If the resources in these areas be- 
come unavailable, the supply of zircon will be dras- 
tically reduced in the United States, and alternate 
sources will be required. 

Research directed toward discovery of alternate 
sources of zircon is needed. This research should 
include the search for high-grade primary ores as 
well as low-grade byproduct or coproduct ores. 
Sampling and analysis of tailings of various types of 
beneficiated ores, and sampling of sands in sand and 
gravel deposits from which washed and sized sand 
products are currently produced, might disclose 
potential sources from which zircon can be obtained. 
Studies of heavy-mineral concentrations in friable 
sandstone formations in areas where competitive 
land use and environmental problems are not likely 
to interfere with mining should also be made. Be- 
cause of the common association of uranium and 
thorium with zirconium-bearing minerals, some 
deposits may be detected by radiometric surveys. 

The possibility of recovery of zircon from offshore 
deposits in shallow waters and of zirconium and 
hafnium from manganese nodules on the sea floor 
(Mero, 1972) should also be examined. The recovery 
of zirconium and hafnium from manganiferous no- 
dules, however, would be completely dependent upon 
the recovery and processing of the nodules for man- 
ganese and other metals and would therefore be a 
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problem of chemical extraction. Timely research on 
specific alternate sources of zircon would eliminate 
the need for future crash programs. 
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